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PREFACE

National Ambient Air Quality Standards (NAAQS) are promulgated by the United States
Environmental Protection Agency (EPA) to meet requirements set forth in Sections 108 and 109
of the U.S. Clean Air Act. Those two Clean Air Act sections require the EPA Administrator
(1) to list widespread air pollutants that reasonably may be expected to endanger public health or
welfare; (2) to issue air quality criteria for them that assess the latest available scientific
information on nature and effects of ambient exposure to them; (3) to set “primary” NAAQS to
protect human health with adequate margin of safety and to set “secondary” NAAQS to protect
against welfare effects (e.g., effects on vegetation, ecosystems, visibility, climate, manmade
materials, etc); and (5) to periodically review and revise, as appropriate, the criteria and NAAQS
for a given listed pollutant or class of pollutants.

Lead was first listed in the mid-1970’s as a “criteria air pollutant” requiring NAAQS
regulation. The scientific information pertinent to Lead NAAQS development available at the
time was assessed in the EPA document Air Quality Criteria for Lead; published in 1977. Based
on the scientific assessments contained in that 1977 lead air quality criteria document (1977 Lead
AQCD), EPA established a 1.5 ug/m’ (90-day average) Lead NAAQS in 1978.

To meet Clean Air Act requirements noted above for periodic review of criteria and
NAAQS, new scientific information published since the 1977 Lead AQCD was later assessed in
a revised Lead AQCD and Addendum published in 1986 and in a Supplement to the 1986
AQCD/Addendum published by EPA in 1990. A 1990 Lead Staff Paper, prepared by EPA’s
Office of Air Quality Planning and Standards (OPQPS), drew upon key findings and conclusions
from the 1986 Lead AQCD/Addendum and 1990 Supplement (as well as other OAQPS-
sponsored lead exposure/risk analyses) in posing options for the EPA Administrator to consider
with regard to possible revision of the Lead NAAQS. However, EPA decided not to revise the
lead NAAQS at that time.
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The purpose of this revised Lead AQCD is to critically evaluate and assess the latest
scientific information that has become available since the literature assessed in the above 1986
Lead AQCD/Addendum and 1990 Supplement, with the main focus being on pertinent new
information useful in evaluating health and environmental effects of ambient air lead exposures.
This includes discussion in this document of information regarding: the nature, sources,
distribution, measurement, and concentrations of lead in the environment; multimedia lead
exposure (via air, food, water, etc.) and biokinetic modeling of contributions of such exposures
to concentrations of lead in brain, kidney, and other tissues (e.g., blood and bone concentrations,
as key indices of lead exposure).; characterization of lead health effects and associated exposure-
response relationships; and delineation of environmental (ecological) effects of lead. This
Second External Review Draft of the revised Lead AQCD mainly assesses pertinent literature
published or accepted for publication through June, 2004.

The First External Review Draft (dated December 2005) of the revised Lead AQCD
underwent public comment and was reviewed by the Clean Air Scientific Advisory Committee
(CASAC) at a public meeting held in Durham, NC on February 28-March, 2006. The public
comments received and CASAC recommendations were taken into account in making
appropriate revisions to this document and incorporating them into this Second External Review
Draft (dated May, 2006) which is being released for further public comment and CASAC review
at a public meeting to be held June 28-29, 2006. Public comments and CASAC advice received
on these Second External Review Draft materials will be taken into account in incorporating
further revisions into the final version of this Lead AQCD, which must be completed and issued
by October 1, 2006. Evaluations contained in the present document will be drawn on to provide
inputs to an associated Lead Staff Paper prepared by EPA’s Office of Air Quality Planning and
Standards (OAQPS), which will pose options for consideration by the EPA Administrator with
regard to proposal and, ultimately, promulgation of decisions on potential retention or revision,
as appropriate, of the current Lead NAAQS.

Preparation of this document has been coordinated by staff of EPA’s National Center for
Environmental Assessment in Research Triangle Park (NCEA-RTP). NCEA-RTP scientific
staff, together with experts from academia, contributed to writing of document chapters. Earlier
drafts of document materials were reviewed by scientists from other EPA units and by non-EPA

experts in several public peer consultation workshops held by EPA in July/August 2005.
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reviewers and the diligence of its staff and contractors in the preparation of this draft document.
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AChE acetylcholinesterase
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ADCC antibody-dependent cellular cytotoxicity
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AF absorption fraction
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ALAD 0-aminolevulinic acid dehydratase

ALAS aminolevulinic acid synthase
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ALM Adult Lead Methodology
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AST
ASV
ATP
ATP1A2
ATPase
ATSDR
ATV
AVS
AWQC
B

BFGF
6-B-OH-cortisol
BAEP
BBB

B cell
BCF
BDNF
BLL
BLM
BMDM
BMI
BMP
BRHS
BSID
BTQ
BUN
BW

CA

4Ca, Ca
CAl
CA3
CAA
Ca-ATPase

arylsulfatase

aspartate aminotransferase

anode stripping voltammetry

adenosine triphosphate
sodium-potassium adenosine triphosphase o2
adenosine triphosphate synthase

Agency for Toxic Substances and Disease Research
all-terrain vehicle

acid volatile sulfide

ambient water quality criteria
beta-coefficient; slope of an equation
B-fibroblast growth factor
6-B-hydroxycortisol

brainstem auditory-evoked potentials
blood-brain barrier

B lymphocyte

bioconcentration factor

brain-derived neurotrophic growth factor
blood lead level

biotic ligand model

bone marrow-derived macrophages
body mass index

bone morphogenic protein

British Regional Heart Study

Bayley Scales of Infant Development
Boston Teacher Questionnaire

blood urea nitrogen

body weight

chromosomal aberration

calcium-45 and -47 radionuclides

cornu ammonis 1 region of hippocampus
cornu ammonis 3 region of hippocampus
Clean Air Act

calcium-dependent adenosine triphosphatase
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“CaCl,
CaCO;
CaEDTA
CAL
CAMKII
cAMP

CaNa, EDTA
CANTAB
CAP

Cam(PO4)6(OH)2

CASAC
CBCL

CCE

CD

CDC

CERR

CESD, CES-D
cGMP

CI
CKD
CLRTAP
CMI
CNS
CO;
ConA
COX-2
CP
CPT
CRAC
CREB
CRI
CSF
CSF-1

calcium-43 radionuclide-labeled calcium chloride
calcium carbonate

calcium disodium ethylenediaminetetraacetic acid
calcitonin

calcium/calmodulin-dependent protein kinase

cyclic adenosinemonophosphate

calcium disodium ethylenediaminetetraacetic acid
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criteria air pollutant
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Centers for Disease Control and Prevention
Consolidated Emissions Reporting Rule

Center for Epidemiologic Studies Depression (scale)

cyclic guanosine-3',5'-monophosphate; cyclic
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confidence interval
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Convention on Long-range Transboundary of Air Pollution
cell-mediated immunity

central nervous system

carbon dioxide

concanavalin A

cyclooxygenase-2

coproporphyrin

current perception threshold

calcium release activated calcium reflux
cyclic-AMP response element binding protein
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cerebrospinal fluid

colony-stimulating factor-1
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CuZnSOD copper and zinc-dependent superoxide dismutase
CWA Clean Water Act

CYP cytochrome (e.g., CYP1A, CYP-2A6, CYP3A4, CYP450)
DA dopamine; dopaminergic
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DFS decayed or filled surfaces, permanent teeth

dfs covariate-adjusted number of caries

DGT diffusive gradient thin films

DiAL dialkyllead

DMEM Dulbecco’s Modified Eagle Medium

DMEFS decayed, missing, or filled surfaces, permanent teeth
DMSA 2,3-dimercaptosuccinic acid; dimethyl succinic acid
DMTU dimethyl thio urea

DNA deoxyribonucleic acid

DNTC diffuse neurofibrillary tangles with calcification
DOC dissolved organic carbon

DOM dissolved organic matter

DOS Disk Operating System

DPH 1, 6-diphenyl-1,3,5-hexatriene

DRL differential reinforcement of low rate (schedule)
DSA delayed spatial alternation

DTC dithiocarbamate

DTH delayed type hypersensitivity

E embryonic day; epinephrine

E, estradiol

EBE early biological effect

EC coronary endothelial (cells)

ECsg effect concentration for 50% of test population
ECF extracellular fluid

Eco-SSL ecological soil screening level

EDRF endothelium-derived relaxing factor

EDTA ethylenediaminetetraacetic acid

EEDQ N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinone
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EEG
EGF
EGTA
eNOS
EOD
EP
EPA
EPMA
EPSP
EqP
ERG
ERL
ERM
EROD
ESP
ESRD
ET
ET-AAS
EXAFS
EXANES
F344
FA
FCS
FDA
FEF
FEP
FEV,
FGF
FI
FMLP
fMRI
foc
FPLC
FR

electroencephalogram

epidermal growth factor
ethyleneglycoltetraacetic acid

endothelial nitric oxide synthase

explosive ordnance disposal

erythrocyte protoporphyrin

U.S. Environmental Protection Agency
electron probe microanalysis

excitatory postsynaptic potential
equilibrium partitioning (theory)
electroretinogram

effects range — low

effects range — median
ethoxyresorufin-O-deethylase

electrostatic precipitator

end-stage renal disease

endothelein; essential tremor
electrothermal atomic absorption spectroscopy
extended X-ray absorption fine structure
extended X-ray absorption near edge spectroscopy
Fischer 344 (rat)

fatty acid

fetal calf serum

Food and Drug Administration

forced expiratory flow

iron protoporphyrin

forced expiratory volume in one second
fibroblast growth factor (e.g., BFGF, aFGF)
fixed-interval (operant conditioning)
N-formyl-L-methionyl-L-leucyl-L-phenylalanine
functional magnetic resonance imaging
fraction organic carbon

fast protein liquid chromatography

Federal Register; fixed-ratio operant conditioning

I-Iviii



FSH follicle stimulating hormone

FT3 free triiodothyronine

FT4 free thyroxine

FVC forced vital capacity

v-GT v-glutamyl transferase

GABA gamma aminobutyric acid

GAG glycosaminoglycan

GCI General Cognitive Index

GD gestational day

GDP guanosine diphosphate

GEE generalized estimating equations

GFAAS graphite furnace atomic absorption spectroscopy
GFAP glial fibrillary acidic protein

GFR glomerular filtration rate

GH growth hormone

GI gastrointestinal

GL gestation and lactation

GLU glutamate

GM geometric mean

GMP guanosine monophosphate

GnRH gonadotropin releasing hormone

goc grams organic carbon

G6PD glucose-6-phosphate dehydrogenase

GPEI glutathione Stransferase P enhancer element
G-R Graham-Rosenblith Behavioral Examination for Newborns
GRP78 glucose-regulated protein 78

GSD geometric standard deviation

GSD; individual geometric standard deviation
GSH glutathione; reduced glutathione

GSHPx glutathione peroxidase

GSSG oxidized glutathione

GST glutathione transferase; glutathione Stransferase
GTP guanosine triphosphate

GvH graft versus host (reaction)
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H'
HAP

Hb

HBEF
H,CO;
Hct

HDL
HFE

HFF

HH
HHANES
HHC
HLA
HNO;
H,0;
HOCI
HOME

HOS-TE-85

HPG
HPLC
H3POy4
HPRT
HSAB
H,S04
HSPG
HTN
HUD
HY-SPLIT
[IARC
IBL

ICD

ICP
ICP-AES
ICP-MS

acidity

hazardous air pollutant

hemoglobin

Hubbard Brook Experimental Forest

carbonic acid

hematocrit

high-density lipoprotein (cholesterol)
hemochromatosis gene

human foreskin fibroblasts

hydroxylamine hydrochloride

Hispanic Health and Nutrition Examination Survey
hereditary hemochromatosis

human leukocyte antigen

nitric acid

hydrogen peroxide

hypochlorous acid

Home Observation for Measurement of Environment
human osteosarcoma cells
hypothalamic-pituitary-gonadal (axis)
high-pressure liquid chromatography

phosphoric acid

hypoxanthine guanine phosphoribosyl transferase
Hard-Soft Acid-Base (model)

sulfuric acid

heparan sulfate proteoglycan

hypertension

U.S. Department of Housing and Urban Development

hybrid single-particle Lagrangian integrated trajectory (model)

International Agency for Research on Cancer
integrated blood lead index
International Classification of Diseases

inductively coupled plasma

inductively coupled plasma atomic emission spectroscopy

inductively coupled plasma mass spectrometry
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ICRP
IDMS

IEC
IEUBK
IFN

Ig

IGF,

IL
IMPROVE

iINOS

Lp., IP

IQ

IRT

ISCST

IT

Lv., IV
KABC
KID

KLH
K-pNPPase
KTEA
K-XRF

L

LAA ICP-MS
LCso

LDH

LDL
L-dopa

LE

LH
LISREL
LMW
LNAME, L-NAME

International Commission on Radiological Protection
isotope dilution mass spectrometry

intestinal epithelial cells

Integrated Exposure Uptake Biokinetic (model)
interferon (e.g., IFN-vy)

immunoglobulin (e.g., IgA, IgE, IgG, IgM)
insulin-like growth factor 1

interleukin (e.g., IL-1, IL-1, IL-4, IL-6, IL-12)

Interagency Monitoring of Protected Visual Environments
(network)

inducible nitric oxide synthase

intraperitoneal

intelligence quotient

interresponse time

Industrial Source Complex Short Term (model)
intrathecal

intravenous

Kaufman Assessment Battery for Children
Kent Infant Development Scale

keyhole limpet hemocyanin
potassium-stimulated p-nitrophenylphosphatase
Kaufman Test of Educational Achievement
K-shell X-ray fluorescence

lactation

laser ablation inductively coupled plasma mass spectrometry
lethal concentration (at which 50% of exposed animals die)
lactate dehydrogenase

low-density lipoprotein (cholesterol)
3,4-dihydroxyphenylalanine (precursor of dopamine)

Long Evans (rat)

luteinizing hormone

linear structural relationships (model)

low molecular weight

L-NC-nitroarginine methyl ester
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LOAEL
LOWESS
LPO

LPS

LTso
LTD

LTP
LVH
uPIXE
MAO
MAPK
MCH
MCHC
MCV
MDA
MDA-TBA
MDI
MDRD
meso-DMSA
Mg-ATPase
MHC
MK-801
MLR
MMAD
MMSE
MN
Mn-SOD
MRFIT
MRI
mRNA
MRS
MSV

MT
MVV

lowest-observed adverse effect level

locally weighted scatter plot smoother

lipid peroxide; lipid peroxidation
lipopolysaccharide

time to reach 50% mortality

long-term depression

long-term potentiation

left ventricular hypertrophy

microfocused particle induced X-ray emission
monoaminoxidase

mitogen-activated protein kinase

mean corpuscular hemoglobin

mean corpuscular hemoglobin concentration
mean corpuscular volume

malondialdehyde
malondialdehyde-thiobarbituric acid

Mental Development Index

Modification of Diet in Renal Disease (study)
m-2,3-dimercaptosuccinic acid
magnesium-dependent adenosine triphosphatase
major histocompatibility complex

NMDA receptor antagonist

mixed lymphocyte response

mass median aerodynamic diameters
Mini-Mental State Examination
micronuclei formation
manganese-dependent superoxide dismutase
Multiple Risk Factor Intervention Trial
magnetic resonance imaging

messenger ribonucleic acid

magnetic resonance spectroscopy

Moloney sarcoma virus

metallothionein

maximum voluntary ventilation
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N,n
NA, N/A
NAA
NAAQS
NAC
NAD
NADH

NADP

NAD(P)H, NADPH

NADS
NAG

Na-K-ATPase

NART
NAS
NASCAR
NAT
NAWQA
NBAS

NCEA-RTP

ND

NE

NEI
NEPSY
NES
NF-xB
NHANES
NHEXAS
NIOSH
NIST

NK
NMDA
NMDAR

number of observations

not available

N-acetylaspartate; neutron activation analysis
National Ambient Air Quality Standards
N-acetyl cysteine; nucleus accumbens

nicotinamide adenine nucleotide

reduced nicotinamide adenine dinucleotide; nicotinamide adenine

dinucleotide dehydrogenase

nicotinamide adenine dinucleotide phosphate

reduced nicotinamide adenine dinucleotide phosphate
nicotinamide adenine dinucleotide synthase
N-acetyl-p-D-glucosaminidase
sodium-potassium-dependent adenosine triphosphatase
North American Reading Test

Normative Aging Study

National Association for Stock Car Automobile Racing
N-acetyltransferases

National Water-Quality Assessment

Brazelton Neonatal Behavioral Assessment Scale

National Center for Experimental Assessment Division in
Research Triangle Park, NC

non-detectable; not detected; not determined; not done
norepinephrine

National Emissions Inventory

Developmental Neuropsychological Assessment
Neurobehavioral Evaluation System

nuclear transcription factor-xB

National Health and Nutrition Examination Survey
National Human Exposure Assessment Survey
National Institute for Occupational Safety and Health
National Institute for Standards and Technology
natural killer

N-methyl-D-aspartate

N-methyl-D-aspartate receptor
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NO
NO,
NO;
NOD
NOEC
NOM
NOS
NOx
NPL
NR
NRC
NTP
NTR
0O,
OAQPS

OAR

oC

OH

1,25-OH-D, 1,25-OH D;
25-OH-D, 25-OH D;

O horizon

ONOO"

OR

ORD

oS

OSHA

p
Pio

PAD
PAH
PAI-1
Pb
203py,

nitric oxide

nitrogen dioxide

nitrate

autoimmune diabetes prone strain of mice
no-observed-effect concentration

natural organic matter

nitric oxide synthase; not otherwise specified
nitrogen oxide metabolites

National Priorities List

not reported

National Research Council

National Toxicology Program

neurotrophin receptor

superoxide ion

Office of Air Quality Planning and Standards
Office of Air and Radiation

organic carbon

hydroxyl

1,25-dihydroxyvitamin D

25-hydroxyvitamin D

forest floor

peroxynitrate ion

odds ratio

Office of Research and Development
oxidative stress

Occupational Safety and Health Administration
probability value

probability for the occurrence of a blood lead concentration

exceeding 10 pg/dL

peripheral arterial disease
polycyclic aromatic hydrocarbon
plasminogen activator inhibitor-1
lead

lead-203 radionuclide
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204py,, 206y, 207pp, 208py, stable isotopes of lead-204, -206, -207, -208 respectively

21%pp lead-210 radionuclide

PbB blood lead; blood lead concentration
PbBPs lead binding proteins

PbCl, lead choride

PbCO; lead carbonate

PbD interior dust lead concentration
PBG-S porphobilinogen synthase

PbH hand lead concentration
Pb(NO3), lead nitrate

PbO lead oxide

Pb(OH); lead hydroxide

PbS galena

PbSO,4 lead sulfate

PC12 pheochromocytoma cell

PCV packed cell volume

PDE phosphodiesterase

PDI Psychomotor Index

PEC probably effect concentration
PFCs plaque forming cells

PG prostaglandin (e.g., PGE, ,PGF,)
PHA phytohemagglutinin A

P; inorganic phosphorus

PIXE particle induced X-ray emission
PKA protein kinase A

PKC protein kinase C

PM particulate matter

PM; combination of coarse and fine particulate matter
PM; 5 fine particulate matter

PMN polymorphonuclear leukocyte
PMNL polymorphonuclear leukocyte
P5SN pyrimidine 5'-nucleotidase
PND postnatal day

POMS Profile of Mood States
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ROS 17.2.8
RR

>SEM

SAB

S-B 1Q
SBIS-4

s.c., SC
SCAN

SCE

SD
SDS-PAGE
SE

SEM

parts per billion

purified protein derivative
parts per million

prolactin

parathyroid hormone
parathyroid hormone-related protein
polyunsaturated fatty acid
polyvinyl chloride

pokeweed mitogen

multiple correlation coefficient
Pearson correlation coefficient
correlation coefficient
renin-angiotensin-aldosterone system
renin-angiotensin system
relative bioavailablity

red blood cell; erythrocyte
retinol binding protein

most stable isotope of radon
reactive oxygen intermediate
reactive oxygen species

rat osteosarcoma cell line
relative risk

sum of the molar concentrations of simultaneously
extracted metal

Science Advisory Board

Standford-Binet Intelligence Quotient

Stanford-Binet Intelligence Scale-4th Edition
subcutaneous

test of central auditory processing

sister chromatid exchange

standard deviation; Spraque-Dawley (rat)

sodium dodecyl sulfate-polyacrylamide gel electrophoresis
standard error; Staphylococcus aureus enterotoxin

simultaneously extracted metal; standard error of the mean
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SES
sGC
SHBG
SIMS
SIR
SLE
SMR
SNAP
SO,
SOD
SOILCHEM
SRA
SRBC
SRC
SRD
SRE
SRIXE
SULT
T3

T4
T&E
TB
TBA
TBARS

T cell
TEC
TEL
TES
TF
TGF

2327
ThO

socioeconomic status

soluble guanylate cyclase

sex hormone binding globulin
secondary ion mass spectrometry
standardized incidence ratio

systemic lupus erythmatosus
standardized mortality ratio

Schneider Neonatal Assessment for Primates
sulfur dioxide

superoxide dismutase

chemical species equilibrium model
Self Reported Antisocial Behavior scale
sheep red blood cell

Syracuse Research Corporation

Self Report of Delinquent Behavior
sterol regulatory element

synchrotron radiation induced X-ray emission
sulfotransferases

triiodothyronine

thyroxine

threatened and endangered (species)
tuberculosis

thiobarbituric acid

thiobarbituric acid-reactive species
cytotoxic T lymphocyte

T lymphocyte

threshold effect concentration
tetraethyllead; triethyl lead chloride
testosterone

transferrin

transforming growth factor (e.g., TGF-a ,TGF-f3, TGF-[1)

T-helper lymphocyte
stable isotope of thorium-232

precursor T lymphocyte
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Thl T-derived lymphocyte helper 1

Th2 T-derived lymphocyte helper 2

Tuc CD4,CDS8-positive T lymphocytes

TIMS thermal ionization mass spectrometry

TLC Treatment of Lead-exposed Children (study)
Twm T-memory lymphocyte

TML tetramethyllead

TNF tumor necrosis factor (e.g., TNF-a, TNF-1)
tPA plasminogen activator

TPALL transfer rate from diffusible plasma to all destinations
TPBS Total Problem Behavior Score

TPY tons per year

TRH thyroid releasing hormone

TRI Toxics Release Inventory

TriAL trialkyllead

Trk tyrosine kinase receptor

TSH thyroid stimulating hormone

TSP total suspended particulates

TSS total suspended solids

TT3 total triiodothyronine

TT4 serum total thyroxine

TTR transthyretin

TWA time-weighted average

X tromboxane (e.g., TXB5)

235 U, 238y uranium-234 and -238 radionuclides

UCIP plasma-to-urine clearance

UDP uridine diphosphate

UGT uridine diphosphate-glucuronyl transferases
UNECE United Nations Economic Commission for Europe
USGS United States Geological Survey

uv ultraviolet

VC vital capacity

VCS vinyl chloride stabilizer

vd deposition velocity
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VDR
VEP

VI
VLDL
VMI

VP
VSMC
WHO
WIC
WISC-III
WISC-R
WPPSI
WRAT-R
w/v

XAS
XPS
X-rays
XRD
XRF
ZPP

vitamin D receptor

visual-evoked potential

variable-interval

very low density lipoprotein (cholesterol)

visual motor integration

plasma volume

vascular smooth muscle cells

World Health Organization

Women, Infants, and Children (program)
Wechsler Intelligence Scale for Children-II11
Wechsler Intelligence Scale for Children-Revised
Wechsler Preschool and Primary Scale of Intelligence
Wide Range Achievement Test-Revised

weight per volume

X-ray absorption spectroscopy

X-ray photoelectron spectroscopy

synchrotron radiation

X-ray diffraction

X-ray fluorescence

zinc protoporphyrin
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EXECUTIVE SUMMARY

E.1 INTRODUCTION

This document critically assesses the latest scientific information concerning health and
welfare effects associated with the presence of various concentrations of lead (Pb) in ambient air,
as pertinent to providing updated scientific bases for EPA’s periodic review of the National
Ambient Air Qualtiy Standards for Lead (Pb NAAQS). As such, this document builds upon
previous assessments published by the U.S. Environmental Protection Agency (EPA), including:
(a) the 1977 EPA document, Air Quality Criteria for Lead; (b) an updated revision of that Lead
Air Quality Criteria Document and an accompanying Addendum published in 1986 (1986 Lead
AQCD/Addendum); and (c) the associated 1990 Supplement to the 1986 Pb AQCD/Addendum.
This document focuses on evaluation and integration of information relevant to Pb NAAQS
criteria development that has become available mainly since that covered by the 1986 and 1990

criteria assessments.

E.1.1 Clean Air Act Legal Requirements
As discussed in Chapter 1 of this revised draft Lead AQCD, Sections 108 and 109 of the

Clean Air Act (CAA) govern establishment, review, and revision of U.S. National Ambient Air

Quality Standards (NAAQS):

e Section 108 directs the U.S. Environmental Protection Agency (EPA) Administrator to list
ubiquitous (widespread) air pollutants that may reasonably be anticipated to endanger public
health or welfare and to issue air quality criteria for them. The air quality criteria are to
reflect the latest scientific information useful in indicating the kind and extent of all
exposure-related effects on public health and welfare expected from the presence of the
pollutant in the ambient air.

e Section 109 directs the EPA Administrator to set and periodically revise, as appropriate, two
types of NAAQS: (a) primary NAAQS to protect against adverse health effects of listed
criteria pollutants among sensitive population groups, with an adequate margin of safety, and
(b) secondary NAAQS to protect against welfare effects (e.g., impacts on vegetation, crops,
ecosystems, visibility, climate, man-made materials, etc.). Section 109 also requires peer
review of the NAAQS and their underlying scientific bases by the Clean Air Scientific
Advisory Committee (CASAC), a committee of independent non-EPA experts.
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E.1.2 Chronology of Lead NAAQS Revisions

In 1971, U.S. EPA promulgated national ambient air standards for several major “criteria”
pollutants (see Federal Register, 1971) that did not include lead at that time. Later, on
October 5, 1978, the EPA did promulgate primary and secondary NAAQS for lead, as
announced in the Federal Register (1979). The primary standard and the secondary standard
are the same: 1.5 pg/m’ as a quarterly average (maximum arithmetic mean averaged over
90 days). The standards were based on the EPA’s 1977 document, Air Quality Criteria

for Lead.

In 1986, the EPA published a revised Lead AQCD, which assessed newly available scientific
information published through December 1985. That 1986 document was principally
concerned with the health and welfare effects of lead, but other scientific data were also
discussed in order to provide a better understanding of the pollutant in the environment.

Thus, the 1986 document included chapters that discussed the atmospheric chemistry and
physics of the pollutant; analytical approaches; environmental concentrations; human
exposure and dosimetry; physiological, toxicological, clinical, and epidemiological aspects of
lead health effects; and lead effects on ecosystems. An Addendum to the 1986 Lead AQCD
was also published concurrently.

Subsequently, a supplement to the 1986 Lead AQCD/Addendum was published in 1990.
The 1990 Supplement evaluated still newer information emerging in the published literature
concerning (a) lead effects on blood pressure and other cardiovascular endpoints and (b) the
effect of lead exposure during pregnancy and/or during the early postnatal period on birth
outcomes and/or on the neonatal physical and neuropsychological development of affected
infants and children.

Evaluations contained in the 1986 Lead AQCD/Addendum and 1990 Supplement provided
scientific inputs to support decision making regarding periodic review and, as appropriate,
revision of the Lead NAAQS, and they were drawn upon by EPA’s Office of Air Quality
Planning and Standards in preparation of 1990 OAQPS Lead Staff Paper. However, after
consideration of evaluations contained in these documents, EPA chose not to propose
revision of the Lead NAAQS.

This revised Lead AQCD, being prepared by EPA’s National Center for Environmental
Assessment (NCEA), provides scientific bases to support Clean Air Act-mandated periodic
review of Lead NAAQS. The document assesses the latest available scientific information
(published mainly through December 2005) judged to be useful in deriving criteria as
scientific bases for decisions on possible revision of the current Lead NAAQS.

A separate EPA Lead Staff Paper, prepared by EPA’s Office of Air Quality Planning and
Standards (OAQPS), will draw upon key findings/conclusions from this document and
together with other analyses, will develop, and present options for consideration by the EPA
Administrator regarding review, and possible revision, of the Lead NAAQS.
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E.1.3 Document Organization and Structure

Volume I of this document consists of the present Executive Summary and eight main
chapters of this revised Lead AQCD. Those main chapters focus primarily on interpretative
evaluation of key information, whereas more detailed descriptive summarization of pertinent
studies and/or supporting analyses are provided in accompanying annexes. Volume II contains
(a) the annexes for Chapters 5 and 6 (which assess toxicologic and epidemiologic evidence
regarding lead health effects) and (b) the annex for Chapter 8 (which assesses information on
lead ecological effects).

Topics covered in the main chapters of the present AQCD are as follows:

e This Executive Summary summarizes key findings and conclusions from Chapters 1 through
8 of this revised Lead AQCD, as they pertain to background information on lead-related

atmospheric science and air quality, human exposure aspects, dosimetric considerations,
health effect issues, and environmental effect issues.

e Chapter 1 provides a general introduction, including an overview of legal requirements, the
chronology of past revisions of lead-related NAAQS, and orientation to the structure of this
document.

e Chapters 2 and 3 provide background information on chemistry/physics of lead, atmospheric
transport and fate, air quality, and multimedia exposure aspects to help to place the ensuing
discussions of lead health and welfare effects into perspective.

e Chapters 4 through 6 assess dosimetry aspects, toxicologic (human and animal) studies, and
epidemiologic (observational) studies of lead health effects.

e Chapter 7 then provides an integrative synthesis of key findings and conclusions derived
from the preceding chapters with regard to ambient lead concentrations, human exposures,
dosimetry, and health effects of importance for primary Lead NAAQS decisions.

e Chapter 8 lastly assesses information concerning environmental effects of lead on terrestrial
and aquatic ecosystems, to support secondary Lead NAAQS decision making.

E.2 AMBIENT LEAD SOURCES, EMISSIONS, AND MULTIMEDIA
EXPOSURE PATHWAYS

e Overall, current ambient Pb concentrations in the U.S. are generally well below the NAAQS
level, except for locations influenced by local sources. During 2000 to 2004, on average,
quarterly mean Pb concentrations at Federal Reference Method monitors ranged from 0.10 to
0.22 pg/m’ (including point source-related monitors). In the same time period, one to five
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locations in the U.S. measured quarterly maximum Pb levels that exceeded the NAAQS level
(1.5 ug/m’, quarterly max average) in any given year.

Historically, mobile sources were a major source of lead emissions, due to the use of leaded
gasoline. The U.S. initiated the phasedown of gasoline lead additives in the late 1970s and
intensified the phase-out of Pb additives in 1990. Accordingly, airborne lead concentrations
have fallen dramatically nationwide, falling an average of 94% between 1983 and 2002. This
is considered one of the great successes for public and environmental health. Remaining
mobile source-related emissions of Pb include brake wear, resuspended road dust, and
emissions from vehicles that continue to use leaded gasoline, specifically some types of
aircraft and race cars.

The major stationary sources of Pb are in the manufacturing sector, including lead-acid
battery plants, primary and secondary Pb smelters, and lead-alloy production facilities. Other
sources include: combustion sources, including energy generation through coal and fuel oil
combustion, or wood combustion and hazardous or solid waste incineration; smelters for
other metals, such as copper or nickel; cement manufacturing; and Pb mining and/or
processing.

The resuspension of soil-bound lead particles and contaminated road dust is a significant
source of airborne lead. In general, the main source of resuspension is wind and vehicular
traffic, although resuspension through other mechanical processes such as construction,
pedestrian traffic, agricultural operations, and even raindrop impaction is possible. Elevated
lead levels are found in soil near stationary lead sources and roadways that were heavily
trafficked prior to gasoline-Pb phasedown; and soil lead can also be elevated near hazardous
waste cleanup sites.

Lead can be transported in the atmosphere through mechanisms including deposition and
resuspension of Pb-containing particles. Dry deposition is the process by which pollutants
are removed from the atmosphere in the absence of precipitation. The size of depositing
particles is arguably the most important factor affecting dry deposition rates. Wet deposition
is the process by which airborne pollutants are scavenged by precipitation and removed from
the atmosphere. The size of particles can also influence wet deposition rates, with large
particles being scavenged more efficiently and, hence, tending to be removed closer to their
source of emission than small particles.

Exposure to Pb occurs through a number of routes. In addition to exposure to Pb in the air,
other major environmental routes for exposure to lead include: Pb in drinking water; Pb[]
contaminated food; Pb in house dust; and Pb-based paint in older homes. Also, other Pb
exposure sources vary in their prevalence and potential risk, such as calcium supplements,
Pb-based glazes, and certain kinds of miniblinds, hair dye, and other consumer products.

Lead in drinking water results primarily from corrosion of Pb pipes, Pb-based solder, or brass
or bronze fixtures within a residence; very little Pb in drinking water comes from utility
supplies. Lead in drinking water, although typically found at low concentrations in the
United States, has been linked to elevated blood Pb concentrations in some U.S. locations.
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e [ead-contaminated food continues to be a major route of lead exposure. It has been
estimated that North Americans ingest an estimated 50 pg of lead each day through food,
beverages, and dust; and ~30 to 50% of this amount is through food and beverages. Since
the elimination of Pb solder in U.S. canned food, the primary source of Pb in U.S. food is
atmospheric deposition. Some imported canned goods, especially from countries where
Pb-soldered cans are still not banned, can be a source of notable dietary-Pb intake for some
U.S. population groups, as can Pb-glazed storage pottery.

e [ead-based paint exposure has long been one of the most common causes of clinical lead
toxicity. Lead-based paint was the dominant form of house paint for many decades, and a
significant percentage of homes still contain lead-based paint on some surfaces. Lead from
deteriorating paint can be incorporated in house dust and/or exterior residential soils.
Exposure can be due to ingestion from hand-to-mouth activities and pica, which are common
in children. Inhalation Pb exposure of adults and children can also be increased markedly
during renovation or demolition projects.

e Given the large amount of time people spend indoors, exposure to Pb in dusts and indoor air
can be significant. For children, dust ingested via hand-to-mouth activity is often a more
important source of Pb exposure than inhalation. Dust can be resuspended through
household activities, thereby posing an inhalation risk as well. Lead in house dust can derive
both from Pb-based paint and from other sources outside the home.

e Inthe US, decreases in mobiles sources of lead, resulting from the phasedown of gasoline Pb
additives, created a 98% decline in emissions from 1970 to 2003. NHANES data show a
consequent parallel decline in blood-Pb levels in children aged 1 to 5 years from a geometric
mean of ~15 pg/dL in the late 1970s to ~1 to 2 pg/dL in the 2000 to 2004 period.

E.4. TOXICOKINETICSAND MEASUREMENT/MODELING OF
HUMAN EXPOSURE IMPACTSON TISSUE DISTRIBUTION
OF LEAD

At the time of the 1986 Lead AQCD, it was noted that external Pb exposures via various
routes (inhalation, ingestion, dermal) were reflected by increased blood-Pb concentrations, which
served as a key biomarker of Pb-exposure and index by which to judge risk of Pb-induced health
effects. It was also recognized (a) that lead distributed to and accumulated in several bone
compartments and (b) that bone lead might as a source of long-term internal exposure. Important
findings from newly available studies include the following:

e Blood Pb is found primarily (~99%) in red blood cells. It has been suggested that the small

fraction of Pb in plasma (<0.3%) may be the more biologically labile and toxicologically
active fraction of the circulating lead. The relationship between lead intake and blood lead
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concentration is curvilinear; i.e., the increment in blood lead concentration per unit of lead
intake decreases with increasing blood lead concentration.

New studies investigating the kinetics of lead in bone have demonstrated that bone lead
serves as a blood lead source years after exposure and as a source of fetal lead exposure
during pregnancy.

Whereas bone lead accounts for ~70% of the body burden in children, in human adults, more
than 90% of the total body burden of lead is found in the bones. Lead accumulation is
thought to occur predominantly in trabecular bone during childhood and in both cortical and
trabecular bone in adulthood.

A key issue of much importance in carrying out risk assessments that estimate the potential
likelihood of Pb-induced health effects is the estimation of external Pb-exposure impacts on
internal Pb tissue concentrations. This includes the estimation of typical Pb-exposure
impacts on internal distribution of lead to blood and bone (as key biomarkers of Pb
exposure), as well as to other “soft tissue” target organs (e.g., brain, kidney, etc.).

Earlier criteria assessments in the 1977 and 1986 Pb AQCDs extensively discussed the
available slope factor and/or other regression models of external Pb exposure impacts on
blood Pb concentration in human adults and children. Further refinements in regression
modeling of lead impacts on blood or bone lead are discussed in Chapter 4 of this document.

The older slope factor analyses discussed in the 1977 and 1986 Pb AQCDs noted that at
relatively low air-Pb concentrations (<2 pug/m), pediatric blood-Pb levels generally increase
by ~2 pg/dL per each 1 pg/m’ increment in air-Pb concentration.

Several new empirical analyses have shown that a child’s blood lead is strongly associated
with interior dust lead loading and its influence on hand lead. Both exterior soil and paint
lead contribute to interior dust lead levels. All ingested lead is not absorbed to the same
extent. Factors such as an individual’s age and diet, as well as chemical and physical
properties of Pb, affect absorption, e.g. absorption is increased by fasting and dietary
deficiencies in either iron or calcium. It has been estimated that for every 1000 ppm increase
in soil-Pb concentration, pediatric blood-Pb levels generally increase by ~3 to 5 pg/dL in
exposed infants and children <6 years old. However, intake of soil-Pb with low
bioaccessibility or bioavailability characteristics can yield distinctly lower-than-typical
blood-Pb increments.

Information on lead biokinetics, bone mineral metabolism, and lead exposures has led to
refinements and expansions of pharmacokinetic models.

Three pharmacokinetic models are currently being used or are being considered for broad
application in lead risk assessment: (1) the Integrated Exposure Uptake BioKinetic (IEUBK)
model for lead in children developed by EPA (U.S. Environmental Protection Agency,
1994a,b; White et al., 1998); (2) the Leggett model, which simulates lead kinetics from birth
through adulthood (Leggett, 1993); and (3) the O’Flaherty model, which simulates lead
kinetics from birth through adulthood (O’Flaherty, 1993, 1995).
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These models have been individually evaluated, to varying degrees, against empirical
physiological data on animals and humans and data on blood lead concentrations in
individuals and/or populations (U.S. Environmental Protection Agency, 1994a,b; Leggett,
1993; O’Flaherty, 1993). In evaluating models for use in risk assessment, exposure data
collected at hazardous waste sites have been used to drive some model simulations (Bowers
and Mattuck, 2001; Hogan et al., 1998). The exposure module in the [IEUBK model makes
this type of evaluation feasible.

Exposure-biokinetics models illustrate exposure-blood-body burden relationships and
provide a means for making predictions about these relationships that can be experimentally
or epidemiologically tested. The EPA IEUBK model has gained widespread use for risk
assessment purposes in the United States and is currently clearly the model of choice in
evaluating mutimedia Pb exposure impacts on blood PB levels and distribution of lead to
bone and other tissues in young children < 7 years old. The EPA All Ages Lead Model
(AALM), now under development, aims to extend beyond IEUBK capabilities to model
external Pb exposure impacts (including over many years) on internal Pb distribution not
only in young children, but also in older children, adolescents, young adults, and other adults
well into older years. The AALM essentially uses adaptations of IEUBK exposure module
features, coupled with adaptations of IEUBK biokinetics components (for young children)
and of Leggett model biokinetics components (for older children and adults). However, the
AALM has not yet undergone sufficient development and validation for its use yet beyond
research and validation purposes.

E.5. HEALTH EFFECTSASSOCIATED WITH LEAD EXPOSURE

Both epidemiologic and toxicologic studies have shown that environmentally relevant

levels of lead affect virtually every organ system. Research completed since the 1986

AQCD/Addendum and 1990 Supplement indicates that effects occur at levels even lower than

those previously reported for many endpoints. Remarkable progress has been made since the

mid-1980s in understanding the effects of lead on health. Recent studies have focused on details

of the associations, including the shapes of concentration-response relationships, especially at

levels well within the range of general population exposures, and on those biological and/or

socioenvironmental factors that either increase or decrease an individual’s risk. Key findings

and conclusions regarding important outcomes of newly available toxicologic and epidemiologic

studies of Pb health effects are highlighted below.
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Neurotoxic Effects of Pb Exposure

Neurobehavioral effects of Pb-exposure early in development (during fetal, neonatal, and
later postnatal periods) in young infants and children (<7 years old) have been observed with
remarkable consistency across numerous studies involving varying designs, diverse
populations, and different developmental assessment protocols. Negative Pb impacts on
neurocognitive ability and other neurobehavioral outcomes are robust in most recent studies
even after adjustment for numerous potentially confounding factors (including quality of care
giving, parental intelligence, and socioeconomic status). These effects appear to be
irreversible and persist into adolescence and young adulthood. The evidence that exposure to
lead has an effect on the intellectual attainment of preschool and school age children has
been observed at blood lead levels ranging down to as low as 2 to 8 pg/dL. A decline of

6.2 points in full scale IQ for an increase in concurrent blood Pb levels from 1 to 10 ug/dL
has been estimated, based on a pooled analysis of results derived from seven well-conducted
prospective epidemiologic studies internationally.

In adults, Pb effects on the nervous system may not be detected via neurobehavioral testing
due to cognitive reserve, 1.e., the ability to compensate for brain impairment. There is no
consistent evidence that environmental lead exposure is associated with impaired cognitive
performance in the elderly, if competing risk factors are considered.

Animal toxicology data indicate that developmental Pb exposures creating steady-state
blood-Pb concentrations of ~10 pg/dL result in behavioral impairments that persist into
adulthood in rats and monkeys. There is no evidence of a threshold; and Pb-induced deficits
are, for the most part, irreversible, even with various chelation treatments. In rats, permanent
deficits were observed with prenatal, preweaning, and postweaning exposure. In monkeys,
permanent neurobehavioral deficits were observed both with in utero-only exposure and with
early postnatal-only exposure when peak blood-Pb levels did not exceed 15 pg/dL and
steady-state levels were ~11 pg/dL.

Learning impairment has been observed in animal studies at blood levels as low as 10 pg/dL,
with higher level learning showing greater impairment than simple learning tasks. The
mechanisms associated with these deficits include: response perseveration; insensitivity to
changes in reinforcement density or contingencies; deficits in attention; reduced ability to
inhibit inappropriate responding; impulsivity; and distractibility.

Lead affects reactivity to the environment and social behavior in both rodents and nonhuman
primates at blood lead levels of 15 to 40 pg/dL. Rodent studies show that Pb exposure
potentiates the effects of stress in females.

Auditory function has also been shown to be impaired at blood lead levels of 33 pg/dL, while
visual functions are affected at 19 pg/dL.

Neurotoxicological studies in animals clearly demonstrated that Pb mimics calcium and
affects neurotransmission and syaptic plasticity.

Epidemiologic studies have identified genetic polymorphisms of two genes that may alter
susceptibility to the neurodevelopmental consequences of Pb exposure in children. Variant
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alleles of the ALAD gene are associated with differences in absorption, retention, and
toxicokinetics of Pb. Polymorphisms of the vitamin D receptor gene have been shown to
affect the rate of resorption and excretion of Pb over time. These studies are only suggestive,
and parallel animal studies have not been completed.

Cardiovascular Effects of Lead

Epidemiologic studies demonstrate well associations between Pb exposure and enhanced risk
of deleterious cardiovascular outcomes, including increased blood pressure and incidence of
hypertension. Studies indicate that a doubling of blood Pb level is associated with a 1.0 mm
Hg increase in systolic blood pressure and a 0.6 mm Hg increase in diastolic pressure.
Studies have also found that cumulative past lead exposure (e.g., bone lead) may be as
important, if not more, than present Pb exposure in assessing cardiovascular effects. The
evidence for an association of lead with cardiovascular morbidity and mortality is limited
but supportive.

Experimental toxicology studies have confirmed Pb effects on cardiovascular functions.
Exposures creating blood Pb levels of ~ 20 to 30 pg/dL for extended periods resulted in a
delayed onset of arterial hypertension that persisted long after the cessation of Pb exposure in
genetically normal animals. A number of in vivo and in vitro studies provide compelling
evidence for the role of oxidative stress in the pathogenesis of lead-induced hypertension.
However, experimental investigations into the cardiovascular effects of Pb in animal studies
are unclear as to why low, but not high, levels of Pb exposure cause hypertension in
experimental animals.

Renal Effects of L ead

In the general population, both circulating and cumulative Pb was found to be associated
with longitudinal decline in renal functions. Renal dysfunction in human adult hypertensives
has been observed at a mean blood-Pb levels of only 4.2 ug/dL. These results provide strong
evidence that the kidney is a target organ for Pb effects in adults at current U.S.
environmental exposure levels.

Experimental studies using laboratory animals demonstrated that the initial accumulation of
absorbed Pb occurs primarily in the kidneys. This takes place mainly through glomerular
filtration and subsequent reabsorption, and, to a small extent, through direct absorption from
the blood. Both low dose Pb-treated animals and high dose Pb-treated animals showed a
“hyperfiltration” phenomenon during the first 3 months of Pb exposure. Investigations into
biochemical alterations in Pb-induced renal toxicity suggested a role for oxidative stress and
involvement of NO, with a significant increase in nitrotyrosine and substantial fall in urinary
excretion of NOy.

Iron deficiency increases intestinal absorption of Pb and the Pb content of soft tissues and
bone. Aluminum decreases kidney Pb content and serum creatinine in Pb-intoxicated
animals. Age also has an effect on Pb retention. There is higher Pb retention at a very young
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age and lower bone and kidney Pb at old age, attributed in part to increased bone resorption
and decreased bone accretion and, also, kidney Pb.

Effectsof Lead on the Immune System

Findings from recent epidemiologic studies suggest that Pb exposure may be associated with
effects on cellular and humoral immunity. These include changes in serum immunoglobulin
levels. Studies of biomarkers of humoral immunity in children have consistently found
significant associations between increasing blood Pb concentrations and serum IgE levels at
blood Pb levels <10 pg/dL.

Toxicologic studies have shown that Pb targets immune cells, causing suppression of delayed
type hypersensitivity response, elevation of IgE, and modulation of macrophages into a
hyper-inflammatory phenotype. These changes cause increased risk of atopy, asthma, and
some forms of autoimmunity and reduced resistance to some infectious diseases. Lead
exposure of embryos resulting in blood Pb levels <10 pg/dL can produce persistent later-life
immunotoxicity.

Effects of Lead on Heme Synthesis

Lead exposure has been associated with disruption of heme synthesis in both children and
adults. Increases in blood lead concentration of approximately 20—30 pg/dL are sufficient to
halve erythrocyte ALAD activity and sufficiently inhibit ferrochelatase to double erythrocyte
protoporphyrin levels.

Toxicological studies demonstrated that Pb intoxication interferes with RBC survival and
alters RBC mobility. Hematological parameters, such as mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration
(MCHQC), are also significantly decreased upon exposure to Pb. These effects are due to
internalization of Pb by RBC. The transport of Pb across the RBC membrane is energy!
independent, carrier-mediated and uptake of Pb appears to be mediated by an anion
exchanger through a vanadate-sensitive pathway.

Erythrocyte ALAD activity ratio (ratio of activated/non activated enzyme activity) has been
shown to be a sensitive, dose-responsive measure of Pb exposure, regardless of the mode of
administration of Pb. Competitive enzyme kinetic analyses in RBCs from both humans and
Cynomolgus monkeys indicated similar inhibition profiles by Pb.

Effects of Lead on Bonesand Teeth

Increased risk of dental caries has been associated with lead exposure in children and adults.
Lead effects on caries were observed in populations whose mean blood lead levels were less
than 10 pg/dL.
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Experimental studies in animals demonstrated that Pb substitutes for calcium and is readily
taken up and stored in the bone and teeth of animals, potentially allowing bone cell function
to be compromised both directly and indirectly by exposure.

Relatively short term exposure of mature animals to Pb does not result in significant growth
suppression, however, chronic Pb exposure during times of inadequate nutrition have been
shown to adversely influence bone growth, including decreased bone density, decreased
trabecular bone, and growth plates.

Exposure of developing animals to Pb during gestation and the immediate postnatal period
has clearly been shown to significantly depress early bone growth in a dose-dependent
fashion, though this effect is not manifest below a certain threshold.

Systemically, Pb has been shown to disrupt mineralization of bone during growth, to alter
calcium binding proteins, and to increase calcium and phosphorus concentration in the blood
stream, in addition to potentially altering bone cell differentiation and function by altering
plasma levels of growth hormone and calciotropic hormones such as vitamin D3 [1,25-
(OH,)D:s.

Periods of extensive bone remodeling, such as occur during weight loss, advanced age,
altered metabolic state, and pregnancy and lactation are all associated with mobilization
of Pb stores from bone of animals.

Numerous epidemiologic studies and, separately, animal studies (both post-eruptive Pb
exposure and pre- and perinatal Pb exposure studies) suggest that Pb is a caries-promoting
element. However, whether Pb incorporation into the enamel surface compromises the
integrity and resistance of the surface to dissolution, and ultimately increases risk of dental
decay, is unclear.

Reproductive and Developmental Effects of L ead.

Epidemiologic evidence suggests small associations between Pb exposure and male
reproductive outcomes, including perturbed semen quality and increased time to pregnancy.
There are no adequate epidemiologic data to evaluate associations between Pb exposure and
female fertility. Most studies have yielded no associations, or weak associations, of Pb
exposure with thyroid hormone status and male reproductive endocrine status in highly
exposed occupational populations.

New toxicologic studies support earlier conclusions, presented in the 1986 Pb AQCD, that Pb
can produce temporary and persistent effects on male and female reproductive function and
development and that Pb disrupts endocrine function at multiple points along the
hypothalamic-pituitary-gonadal axis. Although there is evidence for a common mode of
action, consistent effects on circulating testosterone levels are not always observed in Pb[
exposed animals. Inconsistencies in reports of circulating testosterone levels complicate
derivation of a dose-response relationship for this endpoint.
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Lead-induced testicular damage (ultrastructural changes in testes of monkeys at blood Pb 35
to 40 ng/dL) and altered female sex hormone release, imprinting during early development
and altered female fertility suggest reproductive effects; however, Pb exposure does not
generally produce total sterility. Pre- and postnatal exposure to Pb has been demonstrated to
result in fetal mortality and produce a variety of sublethal effects in the offspring. Many of
these lead-induced sublethal developmental effects occur at maternal PbB that do not result
in clinical (overt) toxicity in the mothers. Teratogenic effects resulting from Pb exposure
reported in a few studies appear to be confounded by maternal toxicity.

Effects of Lead on Other Organ Systems

Studies of hepatic enzyme levels in serum suggest that liver injury may be present in lead
workers; however, associations specifically with lead exposures are not evident. Children
exposed to relatively high levels of lead (blood lead >30 pg/dL) exhibit depressed levels of
circulating 1,25-dihydroxy vitamin D (1,25-OH-D). However, associations between serum
vitamin D status and blood lead were not evident in a study of calcium-replete children who
had average lifetime blood lead concentrations below 25 pg/dL.

Field studies that evaluated hepatic enzyme levels in serum suggest that liver injury may be
present in lead workers; however, associations specifically with lead exposures are not
evident.

Simultaneous induction of the activities of phase II drug metabolizing enzymes and
decreased phase I enzymes with a single exposure to Pb nitrate in rat liver suggest that Pb is
capable of causing biochemical phenotype similar to hepatic nodules.

Newer studies examined the induction of GST-P at both transcriptional and translational
levels using in vitro systems and indicated a role for Pb-nitrate and Pb-acetate in the
induction process.

Lead-induced alterations in cholesterol metabolism appear to be mediated by the induction of
several enzymes related to cholesterol metabolism and the decrease of 7 a-hydroxylase, a
cholesterol catabolizing enzyme. This regulation of cholesterol homeostasis is modulated by
changes in cytokine expression and related signaling.

Newer experimental evidence suggests that Pb-induced alterations in liver heme metabolism
involve perturbations in ALAD activity, porphyrin metabolism, alterations in Transferrin
gene expression, and associated changes in iron metabolism.

Gastrointestinal absorption of Pb is influenced by a variety of factors, including chemical and
physical forms of the element, age at intake, and various nutritional factors. The
degeneration of intestinal mucosal epithelium leading to potential malabsorption and
alterations in the jejunal ultrastructure (possibly associated with distortion of glycocalyx
layer) have been reported in the intestine of Pb-exposed rats.

Nutritional studies using various levels of Pb, Ca, and vitamin D in the diet indicate
competition of Pb with Ca absorption. Supplementation with vitamin D has been reported to
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enhance intestinal absorption of Ca and lead. Physiological amounts of vitamin D
administered to vitamin D-deficient rats resulted in elevated Pb and Ca levels. In the case of
severe Ca deficiency, Pb ingestion results in a marked decrease in serum 1,25 hydroxy
vitamin D.

Genotoxic and Car cinogenic Effects of L ead

Epidemiologic studies of highly exposed occupational populations suggest a relationship
between lead and cancers of the lung and the stomach; however the evidence is limited by the
presence of various potential confounders, including metal coexposures (e.g., to arsenic,
cadmium), smoking, and dietary habits. The 2004 TARC review concluded that inorganic
lead compounds were a probable carcinogen (Group I1A), based on limited evidence in
humans and sufficient evidence in animals.

Studies of genotoxicity consistently find associations of lead exposure with DNA damage
and micronuclei formation; however, the associations with the more established indicator of
cancer risk, chromosomal aberrations, are inconsistent.

Pb is an animal carcinogen and extends our understanding of mechanisms involved to
include a role for metallothionein. Specifically, the recent data show that metallothionein
may participate in Pb inclusion bodies and, thus, serves to prevent or reduce Pb-induced
tumorigenesis.

In vitro cell culture studies that evaluated the potential for Pb to transform rodent cells are
inconsistent, and careful study of a time course of exposure is necessary to determine
whether Pb actually induces transformation in cultured rodent cells. There is increased
evidence suggesting that Pb may be co-carcinogenic or promotes the carcinogenicity of other
compounds. Cell culture studies do support a possible epigenetic mechanism or col
mutagenic effects.

L ead-Binding Proteins

Proteins depending upon sulfur-containing side chains for maintaining conformity or activity
are vulnerable to inactivation by Pb, due to its strong sulfur-binding affinity.

The enzyme, ALAD, a 280 kDa protein, is inducible and is the major Pb-binding protein
within the erythrocyte.

The Pb-binding protein in rat kidney has been identified as a cleavage product of a-2
microglobulin. The low molecular weight Pb-binding proteins in human kidney have been
identified as thymosin f4 (molecular weight 5 kDa) and acyl-CoA binding protein
(molecular weight 9 kDa). In human brain, the Pb-binding proteins were thymosin 4 and an
unidentified protein of 23 kDa.

Animal toxicology studies with metallothionein-null mice demonstrated a possible role for
metallothionein as a renal Pb-binding protein.
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Human Population Groups at Special Risk for Lead Health Impacts

e Children, in general and especially low SES (often including larger proportions of African-
American and Hispanic) children, have been well-documented as being at increased risk for
Pb exposure and adverse health effects. This is due to several factors, including enhanced
exposure to Pb via ingestion of soil-Pb and/or dust-Pb due to normal hand-to-mouth activity
and/or pica.

e Even children with low Pb exposure levels (< 5-10 pg/dL blood Pb) are at notable risk, due
to non-linear dose-response relationships between blood lead and neurodevelopmental
outcomes. It is hypothesized that initial neurodevelopmental lesions occurring at blood lead
levels < 10 pg/dL may disrupt different developmental processes in the nervous system than
more severe high level exposures.

e Adults with idiosyncratic exposures to lead through occupations, hobbies, make-up use,
glazed pottery, native medicines, and other sources are at risk for lead toxicity. Certain
ethnic and racial groups are known to have cultural practices that involve ingestion of lead (]
containing substances, e.g., ingestion of foods or beverages stored in Pb-glazed pottery or
imported canned food from countries that allow Pb-soldered cans.

e Effects on adults of low level Pb exposures include renal effects at levels <5 ug/dL. Lead
exposure combined with other risk factors, such as diabetes, hypertension, or chronic renal
insufficiency may result in clinically-relevant effects in individuals with two or more other
risk factors. Cumulative past Pb exposure, measured by bone Pb, may be a better predictor
of cardiovascular effects than current blood levels. African-Americans are known to have
substantially higher baseline blood pressure than other ethnic groups; so, lead’s impact on an
already higher baseline could indicate a greater susceptibility to lead for this group.

e At least two genetic polymorphisms, of the ALAD and the vitamin D receptor gene, have
been suggested to play a role in susceptibility to Pb. In one study, African-American
children were found to have a higher incidence of being homozygous for alleles of the
vitamin D receptor gene thought to contribute to greater Pb blood levels. This work is
preliminary and further studies will be necessary to determine implications of genetic
differences that may make certain populations more susceptible to Pb exposure.

E.6 ENVIRONMENTAL EFFECTSOF LEAD

Chapter 8 assesses the environmental effects of lead, including discussion, in particular, of
lead effects on terrestrial and aquatic ecosystems and the methodological approaches used to

study such effects.
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E.6.1 TERRESTRIAL ECOSYSTEMS
MethodologiesUsed in Terrestrial Ecosystem Research

Metal species found in media are often diverse, and existing data suggest that their
bioavailability may be significantly influenced by site-specific variations.

A wide variety of analytical and chemical techniques have been used to characterize a metal's
speciation in various media. Perhaps the most important factor in selecting a technique is
that, when dealing with metal-.contaminated media, one is most often looking for the
proverbial “needle in a haystack.” Therefore, the speciation technique must not only provide
the information outlined above, but it must also determine that information from a medium
that contains very little of the metal. For a Pb-contaminated soil, less than 1% (modally) of a
single species can be responsible for a bulk metal's concentration above an action level.

Limited data are available on the particle-size of discrete Pb phases from multimedia
environments. Laboratory data have been supported by extensive epidemiologic evidence,
enforcing the importance of particle size.

Matrix associations, such as liberated versus enclosed, can play an important part in
bioavailability. For example, two different media with similar total Pb concentrations and Pb
forms (slag, Pb-oxide, and Pb-arsenate) can exhibit significantly different bioavailabilities.

The biotic ligand model (BLM) is an equilibrium-based model that has been incorporated
into regulatory agencies guidelines (including the EPA) to predict effects of metals primarily
on aquatic biota and to aid in the understanding of their interactions with biological surfaces.
Currently, there is no acute BLM for Pb. Because of assumed similarities in mechanisms of
toxicity between aquatic and terrestrial organisms, it is likely that the BLM approach as
developed for the aquatic compartment may also be applicable to the terrestrial environment.

In situ methodologies have been developed to lower soil-Pb relative bioavailability. To date,
the most common methods studied include the addition of soil amendments to either lower
the solubility of the Pb form or to provide sorbtion sites for fixation of pore-water Pb. These
amendments typically fall within the categories of phosphate, biosolid, and Al/Fe/Mn-oxide
amendments. Some of the drawbacks to soil amendment include phosphate toxicity to plants
and increased arsenic mobility at high soil phosphate concentrations. The use of iron(III)
phosphate seems to mitigate arsenic mobility, however increased concentrations of phosphate
and iron limit their application when drinking water quality is a concern.

Distribution of Atmospherically Delivered Lead in Terrestrial Ecosystems

At the time of the publication of the 1986 Pb AQCD, the primary source of atmospheric Pb
was combustion of leaded gasoline. Lead in the atmosphere today, however, is not primarily
from gasoline consumption, but results largely from waste incineration, metal smelting, metal
production, and coal-fired power plants.

Total Pb deposition during the 20th century has been estimated at 1 to 3 g Pb m % depending
on elevation and proximity to urban areas. Total contemporary loadings to terrestrial
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ecosystems are ~1 to 2 mg m ° year '. This is a relatively small annual flux of Pb compared
to the reservoir of ~0.5 to 4 g m > of gasoline-derived Pb already deposited in surface soils
over much of the United States.

Researchers have estimated that dry deposition accounts for anywhere between 10 to >90%
of total Pb deposition. Arid environments appear to have a much higher fraction of dry
deposition:total deposition. Furthermore, it is possible that Clean Air Act Legislation
enacted in the late 1970s preferentially reduced Pb associated with fine particles, so the
relative contributions of dry deposition may have changed in the last few decades.

Although inputs of Pb to ecosystems are currently low, Pb export from watersheds via
groundwater and streams is substantially lower. Therefore, even at current input levels,
watersheds are accumulating anthropogenic Pb.

Species of Pb delivered to terrestrial ecosystems can be inferred by emission source. For
example, Pb species emitted from automobile exhaust are dominated by particulate Pb
halides and double salts with ammonium halides (e.g., PbBrCl, PbBrCI,NH4Cl), while Pb
emitted from smelters is dominated by Pb-sulfur species. Halides from automobile exhaust
break down rapidly in the atmosphere, via redox reactions in the presence of atmospheric
acids. Lead phases in the atmosphere, and presumably the compounds delivered to the
surface of the earth (i.e., to vegetation and soils), are suspected to be in the form of PbSOy,
PbS, and PbO.

The importance of humic and fulvic acids and hydrous Mn- and Fe-oxides for scavenging Pb
in soils was discussed in some detail in the 1986 Pb AQCD. The importance of these Pb
binding substrates is reinforced by studies reported in the more contemporary literature.

The amount of Pb that has leached into mineral soil appears to be on the order of 20 to 50%
of the total anthropogenic Pb deposition.

The vertical distribution and mobility of atmospheric Pb in soils was poorly documented
prior to 1986. Techniques using radiogenic Pb isotopes had been developed to discern
between gasoline-derived Pb and natural, geogenic (native) Pb. These techniques provide
more accurate determinations of the depth-distribution and potential migration velocities for
atmospherically delivered Pb in soils.

Selective chemical extractions have been used extensively over the past 20 years to quantify
amounts of a particular metal phase (e.g., PbS, Pb-humate, Pb-Fe/Mn-oxide) in soil or
sediment rather than total metal concentration. However, some problems persist with the
selective extraction technique: (a) extractions are rarely specific to a single phase; and (b) in
addition to the nonselectivity of reagents, significant metal redistribution has been found to
occur during sequential chemical extractions. Thus, although chemical extractions provide
some useful information on metal phases in soil or sediment, the results should be treated as
“operationally defined,” e.g., “H,0-liberated Pb” rather than “organic Pb.”

Soil solution dissolved organic matter content and pH typically have very strong positive and
negative correlations, respectively, with the concentration of dissolved Pb species.
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Terrestrial Species Response/M ode of Action

Plants take up Pb via their foliage and through their root systems. Surface deposition of Pb
onto plants may represent a significant contribution to the total Pb in and on the plant, as has
been observed for plants near smelters and along roadsides.

There are two possible mechanisms (symplastic or apoplastic) by which Pb may enter the
root of a plant. The symplastic route is through the cell membranes of root hairs; this is the
mechanism of uptake for water and nutrients. The apoplastic route is an extracellular route
between epidermal cells into the intercellular spaces of the root cortex. The symplastic route
is considered the primary mechanism of Pb uptake in plants.

Recent work supports previous conclusions that the form of metal tested, and its speciation in
soil, influence uptake and toxicity to plants and invertebrates. The oxide form of Pb is less
toxic than the chloride or acetate forms, which are less toxic that the nitrate form of Pb.
However, these results must be interpreted with caution, as the counterion (e.g., the nitrate
ion) may also be contributing to the observed toxicity.

Lead may be detoxified in plants by deposition in root cell walls, and this may be influenced
by calcium concentrations. Other hypotheses put forward recently include the presence of
sulfur ligands and the sequestration of Pb in old leaves as detoxification mechanisms. Lead
detoxification has not been studied extensively in invertebrates. Glutathione detoxification
enzymes were measured in two species of spider. Lead may be stored in waste nodules in
earthworms or as pyromorphite in the nematode.

Lead effects on heme synthesis (as measured primarily by ALAD activity and protoporphyrin
concentration) were documented in the 1986 Pb AQCD and continue to be studied.

However, researchers caution that changes in ALAD and other enzyme parameters are not
always related to adverse effects, but simply indicate exposure. Other effects on plasma
enzymes, which may damage other organs, have been reported. Lead also may cause lipid
peroxidation, which may be alleviated by vitamin E, although Pb poisoning may still result.
Changes in fatty acid production have been reported, which may influence immune response
and bone formation.

Insectivorous mammals may be more exposed to Pb than herbivores, and higher tropic-level
consumers may be less exposed than lower trophic-level organisms. Nutritionally-deficient
diets (including low calcium) cause increased uptake of Pb and greater toxicity in birds.

Interactions of Pb with other metals are inconsistent, depending on the endpoint measured,
the tissue analyzed, the animal species, and the metal combination.

Exposure/Response of Terrestrial Species

Recent critical advancements reported in the current Pb AQCD in understanding toxicity
levels relies heavily on the work completed by a multi-stakeholder group, consisting of
federal, state, consulting, industry, and academic participants, led by the EPA to develop
Ecological Soil Screening Levels (Eco-SSLs).
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Eco-SSLs are concentrations of contaminants in soils that are protective of ecological
receptors. They were developed following rigorous scientific protocols and were subjected
to two rounds of peer review. The Eco-SSLs for terrestrial plants, birds, mammals, and soil
invertebrates are 120, 11, 56, and 1700 mg Pb/kg soil, respectively.

Effectsof Lead on Natural Terrestrial Ecosystems

Atmospheric Pb pollution has resulted in the accumulation of Pb in terrestrial ecosystems
throughout the world. In the United States, pollutant Pb represents a significant fraction of
the total Pb burden in soils, even in sites remote from smelters and other industrial plants.
However, few significant effects of Pb pollution have been observed at sites that are not near
point sources of Pb.

Evidence from precipitation collection and sediment analyses indicates that atmospheric
deposition of Pb has declined dramatically (>95%) at sites unaffected by point sources of Pb,
and there is little evidence that Pb accumulated in soils at these sites represents a threat to
ground water or surface water supplies.

The highest environmental risk for Pb in terrestrial ecosystems exists at sites within about

50 km of smelters and other Pb-emitting industrial sites. Assessing the risks specifically
associated with Pb is difficult, because these sites also experience elevated concentrations of
other metals and because of effects related to SO, emissions. The concentrations of Pb in
soils, vegetation, and fauna at these sites can be two to three orders of magnitude higher than
in reference areas.

In the most extreme cases, near smelter sites, the death of vegetation causes a near-complete
collapse of the detrital food web, creating a terrestrial ecosystem in which energy and
nutrient flows are minimal.

More commonly, stress in soil microorganisms and detritivores can cause reductions in the
rate of decomposition of detrital organic matter. Although there is little evidence of
significant bioaccumulation of Pb in natural terrestrial ecosystems, reductions in microbial
and detritivorous populations can affect the success of their predators. Thus, at present,
industrial point sources represent the greatest Pb-related threat to the maintenance of
sustainable, healthy, diverse, and high-functioning terrestrial ecosystems in the United States.

AQUATIC ECOSYSTEMS
M ethodologies Used in Aquatic Ecosystem Resear ch

Many of the terrestrial methods can also be applied to suspended solids and sediments
collected from aquatic ecosystems. Just as in the terrestrial environment, the speciation of Pb
and other trace metals in natural freshwaters and seawater plays a crucial role in determining
their reactivity, mobility, bioavailability, and toxicity. Many of the same speciation
techniques employed for the speciation of Pb in terrestrial ecosystems are applicable in
aquatic ecosystems.
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There is now a better understanding of the potential effects of sampling, sample handling,
and sample preparation on aqueous-phase metal speciation. Thus, a need has arisen for
dynamic analytical techniques that are able to capture a metal's speciation, in-situ and in real
time.

With few exceptions, ambient water quality criteria (AWQC) are derived based on data from
aquatic toxicity studies conducted in the laboratory. In general, both acute (short term) and
chronic (long term) AWQC:s are developed. Depending on the species, the toxicity studies
considered for developing acute criteria range in length from 48 to 96 hours.

Acceptable chronic toxicity studies should encompass the full life cycle of the test organism,
although for fish, early life stage or partial life cycle toxicity studies are considered
acceptable. Acceptable endpoints include reproduction, growth and development, and
survival, with the effect levels expressed as the chronic value.

The biotic ligand model (BLM) is gaining application in aquatic toxicity testing. Unlike
earlier metal toxicity models, the BLM uses the biotic ligand, rather than the fish gill as the
site of toxic action. This approach, therefore, considers that the external fish gill surface
contains receptor sites for metal binding and that acute toxicity is associated with the binding
of metals to defined sites (biotic ligands) on or within the organism. Work is being done to
incorporate into the model dietary uptake of metals, a very important and often overlooked
aspect of bioavailability.

Distribution of Lead in Aquatic Ecosystems

Atmospheric Pb is delivered to aquatic ecosystems primarily through deposition (wet and/or
dry) or through erosional transport of soil particles.

A significant portion of Pb in the aquatic environment exists in the undissolved form (i.e.,
bound to suspended particulate matter). The ratio of Pb in suspended solids to Pb in filtrate
varies from 4:1 in rural streams to 27:1 in urban streams.

The oxidation potential of Pb is high in slightly acidic solutions, and Pb** binds with high
affinity to sulfur-, oxygen-, and nitrogen-containing ligands. Therefore, speciation of Pb in
the aquatic environment is controlled by many factors (e.g., pH, redox, dissolved organic
carbon, sulfides). The primary form of Pb in aquatic environments is divalent (Pb*"), while
Pb*" exists only under extreme oxidizing conditions. Labile forms of Pb (e.g., Pb*", PbOH",
PbCO:s) are a significant portion of the Pb inputs to aquatic systems from atmospheric
washout. Lead is typically present in acidic aquatic environments as PbSQO,, PbCly, ionic Pb,
cationic forms of Pb-hydroxide, and ordinary Pb-hydroxide (Pb(OH),). In alkaline waters,
common species of Pb include anionic forms of Pb-carbonate (Pb(CO3)) and Pb(OH)s.

Lead concentrations in lakes and oceans were generally found to be much lower than those
measured in the lotic waters assessed by NAWQA.

Based on a synthesis of NAWQA data from the United States, Pb concentrations in surface
waters, sediments, and fish tissues range from 0.04 to 30 pg/L, 0.5 to 12,000 mg/kg, and
0.08 to 23 mg/kg, respectively.
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Aquatic Species Response/M ode of Action

Recent research has suggested that due to the low solubility of Pb in water, dietary Pb (i.e.,
lead adsorbed to sediment, particulate matter, and food) may contribute substantially to
exposure and toxicity in aquatic biota.

Generally speaking, aquatic organisms exhibit three Pb accumulation strategies:

(1) accumulation of significant Pb concentrations with a low rate of loss, (2) excretion of
Pb roughly in balance with availability of metal in the environment, and (3) weak net
accumulation due to very low metal uptake rate and no significant excretion.

Protists and plants produce intracellular polypeptides that form complexes with Pb.
Macrophytes and wetland plants that thrive in Pb-contaminated regions have developed
translocation strategies for tolerance and detoxification.

Like aquatic plants and protists, aquatic animals detoxify Pb by preventing it from being
metabolically available, though their mechanisms for doing so vary. Invertebrates use
lysosomal-vacuolar systems to sequester and process Pb within glandular cells. They also
accumulate Pb as deposits on and within skeletal tissue, and some can efficiently excrete Pb.
Fish scales and mucous chelate Pb in the water column, and potentially reduce visceral
exposure.

Numerous studies have reported the effects of Pb exposure on blood chemistry in aquatic
biota. Plasma cholesterol, blood serum protein, albumin, and globulin concentrations were
identified as bioindicators of Pb stress in fish.

Nutrients affect Pb toxicity in aquatic organisms. Some nutrients seem capable of reducing
toxicity. Exposure to Pb has not been shown to reduce nutrient uptake ability, though it has
been demonstrated that Pb exposure may lead to increased production and loss of organic
material (e.g., mucus and other complex organic ligands).

The two most commonly reported Pb-element interactions are between Pb and calcium and
between Pb and zinc. Both calcium and zinc are essential elements in organisms and the
interaction of Pb with these ions can lead to adverse effects both by increased Pb uptake
and by a decrease in Ca and Zn required for normal metabolic functions.

Exposur e/Response of Aquatic Species

The 1986 Pb AQCD reviewed data in the context of sublethal effects of Pb exposure. The
document focused on describing the types and ranges of Pb exposures in ecosystems likely to
adversely impact domestic animals. As such, the 1986 AQCD did not provide a
comprehensive analysis of the effects of Pb to most aquatic primary producers, consumers,
and decomposers.

Waterborne Pb is highly toxic to aquatic organisms, with toxicity varying with the species
and life stage tested, duration of exposure, form of Pb tested, and water quality
characteristics.
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Among the species tested, aquatic invertebrates, such as amphipods and water fleas, were the
most sensitive to the effects of Pb, with adverse effects being reported at concentrations
ranging from 0.45 to 8000 pg/L.

Freshwater fish demonstrated adverse effects at concentrations ranging from 10 to
>5400 pg/L, depending generally upon water quality parameters.

Amphibians tend to be relatively Pb tolerant; however, they may exhibit decreased enzyme
activity (e.g., ALAD reduction) and changes in behavior (e.g., hypoxia response behavior).

Effects of Lead on Natural Aquatic Ecosystems

Natural systems frequently contain multiple metals, making it difficult to attribute observed
adverse effects to single metals. For example, macroinvertebrate communities have been
widely studied with respect to metals contamination and community composition and species
richness. In these studies, multiple metals were evaluated and correlations between observed
community level effects were ascertained. The results often indicate a correlation between
the presence of one or more metals (or total metals) and the negative effects observed.
While, correlation may imply a relationship between two variables, it does not imply
causation of effects.

In simulated microcosms or natural systems, environmental exposure to Pb in water and
sediment has been shown to affect energy flow and nutrient cycling and benthic community
structure.

In field studies, Pb contamination has been shown to significantly alter the aquatic
environment through bioaccumulation and alterations of community structure and function.

Exposure to Pb in laboratory studies and simulated ecosystems may alter species competitive
behaviors, predator-prey interactions, and contaminant avoidance behaviors. Alteration of
these interactions may have negative effects on species abundance and community structure.

In natural aquatic ecosystems, Pb is often found coexisting with other metals and other
stressors. Thus, understanding the effects of Pb in natural systems is challenging given that
observed effects may be due to cumulative toxicity from multiple stressors.

CRITICAL LOADSFOR LEAD IN TERRESTRIAL AND AQUATIC
ECOSYSTEMS

Critical loads are defined as threshold deposition rates of air pollutants that current
knowledge indicates will not cause long-term adverse effects to ecosystem structure and
function. A critical load is related to an ecosystem's sensitivity to anthropological inputs of a
specific chemical.

The critical loads approach for sensitive ecosystems from acidification has been in use
throughout Europe for about 20 years. Its application to Pb and other heavy metals is more
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recent. To date, the critical loads framework has not been used for regulatory purposes in the
United States for any chemical.

e Speciation strongly influences the toxicity of Pb in soil and water and partitioning between
dissolved and solid phases determines the concentration of Pb in soil drainage water, but it
has not been taken into account in most of the critical load calculations for Pb performed to
date.

e Runoff of Pb from soil may be the major source of Pb into aquatic systems. However, little
attempt has been made to include this source into critical load calculations for aquatic
systems due to the complexity of including this source in the critical load models.
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1. INTRODUCTION

The present document critically assesses the latest scientific information concerning
health and welfare effects associated with the presence of various concentrations of lead (Pb)
in ambient air, as pertinent to providing updated scientific bases for EPA’s current periodic
review of the National Ambient Air Quality Standards for Lead (Pb NAAQS). Assuch, this
document builds upon previous assessments published by the U.S. Environmental Protection
Agency (EPA), including: (a) the document, Air Quality Criteria for Lead (U.S. Environmental
Protection Agency, 1977); (b) an updated revision of that Lead Air Quality Criteria Document
(Lead AQCD) and an accompanying Addendum published in 1986 (U.S. Environmental
Protection Agency, 1986a,b); aswell as (c) an associated 1990 Supplement (U.S. Environmental
Protection Agency, 1990). This document focuses on evaluation and integration of information
relevant to Pb NAAQS criteria development that has become available mainly since that covered
by the 1986 and 1990 criteria assessments.

Thisintroductory chapter (Chapter 1) of the revised Lead AQCD presents:
(a) background information on pertinent Clean Air Act legislative requirements, the criteria and
NAAQS review process, and the history of previous Pb criteriareviews; (b) an overview of the
current Pb criteriareview process, associated key milestones, and projected schedule; and

(c) an orientation to the general organizational structure and content of this revised Lead AQCD.

1.1 LEGAL AND HISTORICAL BACKGROUND
111 Legisative Requirements

Two sections of the Clean Air Act (CAA) govern the establishment, review, and revision
of NAAQS. Section 108 (42 U.S.C. 7408) directs the Administrator of the U.S. Environmental
Protection Agency (EPA) to identify ambient air pollutants that may be reasonably anticipated to
endanger public health or welfare and to issue air quality criteriafor them (U.S. Code, 2003a).
These air quality criteriaare to reflect the latest scientific information useful in indicating the
kind and extent of al identifiable effects on public health or welfare that may be expected from

the presence of a given pollutant in ambient air.
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Section 109(a) of the CAA (42 U.S.C. 7409) directs the Administrator of EPA to propose
and promulgate primary and secondary NAAQS for pollutants identified under Section 108 (U.S.
Code, 2003b). Section 109(b)(1) defines a primary standard as one that, in the judgment of the
Administrator, is requisite to protect the public health (see inset below) based on the criteria and
allowing for an adequate margin of safety. The secondary standard, as defined in Section
109(b)(2), must specify alevel of air quality that, in the judgment of the Administrator, is
requisite to protect the public welfare (see inset below) from any known or anticipated adverse

effects associated with the presence of the pollutant in ambient air, based on the criteria.

EXAMPLESOF PUBLIC EXAMPLESOF PUBLIC
HEALTH EFFECTS WELFARE EFFECTS

= Effects on the health of the general
population, or identifiable groups within the
population, who are exposed to pollutantsin
ambient air

= Effects on mortality

Effects on personal comfort and well-being
Effects on economic values

Deterioration of property

Hazards to transportation

Effects on the environment, including:

= Effects on morbidity e animals e vegetation
= Effects on other health conditionsincluding e climate e vishility
indicators of: e cCrops e water
e pre-morbid processes, e materials o weather
e risk factors, and e soils o wildlife

o (disease

Section 109(d) of the CAA (42 U.S.C. 7409) requires periodic review and, if appropriate,
revision of existing criteria and standards (U.S. Code, 2003b). If, in the Administrator's
judgment, the Agency's review and revision of criteria make appropriate the proposal of new or
revised standards, such standards are to be revised and promulgated in accordance with Section
109(b). Alternatively, the Administrator may find that revision of the standardsis inappropriate
and conclude the review by leaving the existing standards unchanged. Section 109(d)(2) of the
1977 CAA Amendments also requires that an independent scientific review committee be
established to advise the EPA Administrator on NAAQS matters, including the scientific
soundness of criteria (scientific bases) supporting NAAQS decisions. Thisroleisfulfilled by the
Clean Air Scientific Advisory Committee (CASAC), which isadministratively supported by
EPA’s Science Advisory Board (SAB).
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1.1.2 Criteriaand NAAQS Review Process

Periodic reviews by EPA of criteriaand NAAQS for a given criteriaair pollutant progress
through a number of steps, beginning with preparation of an air quality criteria document
(AQCD) by the National Center for Environmental Assessment Division in Research Triangle
Park, NC (NCEA-RTP), aunit within EPA’s Office of Research and Development (ORD). The
AQCD provides acritical assessment of the latest available scientific information upon which
the NAAQS are to be based. Drawing upon the AQCD, the Office of Air Quality Planning and
Standards (OAQPS), a unit within EPA’s Office of Air and Radiation (OAR), prepares a Staff
Paper that (a) evaluates policy implications of the key studies and scientific information
contained in the AQCD; (b) presents relevant exposure and risk analyses; and (c) presents EPA
staff conclusions and recommendations for standard-setting options for the EPA Administrator to
consider. The Staff Paper isintended to help “bridge the gap” between the scientific assessment
contained in the AQCD and the judgments required of the Administrator in determining whether
it is appropriate to retain or to revise the NAAQS.

Iterative drafts of both the AQCD and the Staff Paper (as well as other analyses, such as
associated exposure and/or risk assessments supporting the Staff Paper) are made available for
public comment and CASAC review. Fina versions of the AQCD and Staff Paper incorporate
changesin response to CASAC review and public comment. Based on the information in these
documents, the EPA Administrator proposes decisions on whether to retain or revise the subject
NAAQS, taking into account public comments and CASAC advice and recommendations. The
Administrator’s proposed decisions are published in the Federal Register, with a preamble that
delineates the rationale for the decisions and solicits public comment. After considering
comments received on the proposed decisions, the Administrator makes a final decision, whichis
promulgated via a Federal Register notice that addresses significant comments received on the
proposal.

Promulgated NAAQS decisions involve consideration of the four basic elements of a
standard: indicator, averaging time, form, and level. The indicator defines the pollutant to be
measured in the ambient air for the purpose of determining compliance with the standard. The
averaging time defines the time period over which air quality measurements are to be obtained
and averaged, considering evidence of effects associated with various time periods of exposure.
The form of a standard defines the air quality statistic that is to be compared to the level of the
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standard (i.e., an ambient concentration of the indicator pollutant) in determining whether an area
attains the standard. The form of the standard specifies the air quality measurements that are to
be used for compliance purposes (e.g., the 98th percentile of an annual distribution of daily
concentrations; the annual arithmetic average), the monitors from which the measurements are to
be obtained (e.g., one or more popul ation-oriented monitorsin an area), and whether the statistic
isto be averaged across multiple years. These basic elements of a standard are the primary focus
of the staff conclusions and recommendations posed in the Staff Paper and are explicitly
specified in the ensuing NAAQS rulemaking, building upon the policy-relevant scientific
information assessed in the AQCD and on the policy analyses contained in the Staff Paper.
These four elements taken together determine the degree of public health and welfare protection
afforded by the NAAQS.

1.1.3 Regulatory Chronology

In 1971, U.S. EPA promulgated national ambient air standards for several major “criteria’
pollutants (see Federal Register, 1971), but did not include lead among them at that time. Later,
on October 5, 1978, the EPA promulgated primary and secondary NAAQS for lead, under
Section 109 of the CAA (43 FR 46258), as announced in the Federal Register (1979). The
primary standard and the secondary standard are the same: 1.5 pg/m® as a quarterly average
(maximum arithmetic mean averaged over 90 days). The standards were based on the EPA’s
1977 Air Quality Criteriafor Lead (U.S. Environmental Protection Agency, 1977).

In 1986, the EPA published arevised Air Quality Criteria Document for Lead (U.S.
Environmental Protection Agency, 1986a). The 1986 AQCD assessed newly available scientific
information on the health and welfare effects associated with exposure to various concentrations
of lead in ambient air, based on literature published through 1985. The 1986 document was
principally concerned with the health and welfare effects of lead, but other scientific data were
also discussed in order to provide a better understanding of the pollutant in the environment.
Thus, the 1986 document included chapters that discussed the atmospheric chemistry and
physics of the pollutant; analytical approaches; environmental concentrations; human exposure
and dosimetry; physiological, toxicological, clinical, and epidemiological aspects of lead health
effects; and lead effects on ecosystems. An Addendum to the 1986 Lead AQCD was aso
published along with it (U.S. Environmental Protection Agency, 1986b). Subsequently,
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a Supplement to the 1986 Lead AQCD/Addendum was published by EPA in 1990 (U.S.
Environmental Protection Agency, 1990a). That 1990 Supplement evaluated still newer
information emerging in the published literature concerning (a) lead effects on blood pressure
and other cardiovascular endpoints and (b) the effects of lead exposure during pregnancy or
during the early postnatal period on birth outcomes and/or on the neonatal physical and
neuropsychological development of affected infants and children.

The evaluations contained in the 1986 Lead AQCD/Addendum and the 1990 Supplement
provided scientific inputs to support decision-making regarding periodic review and, as
appropriate, revision of the Lead NAAQS; and they were drawn upon by EPA’s Office of Air
Quality Planning and Standards in preparation of an associated OAQPS Lead Staff Paper (U.S.
Environmental Protection Agency, 1990b). However, after consideration of evaluations
contained in these documents, EPA chose not to propose revision of the Lead NAAQS.

Changesin relative contributions of various lead sources and exposure pathways to
human exposures in the United States, and EPA actions to reduce such exposures, provide
important background for this current lead criteriaand NAAQS review. Since 1978, the amount
of lead emitted into the air nationally has markedly declined. For example, asillustrated in
Chapters 2 and 3 of this document, from 1982 to 2002 lead emissions into the air decreased by
93% and the average air quality concentration of lead decreased by 94% from 1983 to 2002
(http://www.epa.gov/airtrends/lead2.html). Total lead emissionsinto the air decreased from
about 220,000 tonsin 1970 to less than 4,000 in 1999. This declineis mainly attributable to
EPA’ sregulatory efforts to reduce the content of lead in gasoline (see, for example,

50 FR 9386), which substantially altered basic patterns of air lead emissionsin the United States
(http://www.epa.gov/airtrends/lead2.html). Emissions from stationary sources have also been
greatly reduced (http://www.epa.gov/airtrends/lead2.html, Figure 2-11); but, given the even
greater reductions in emissions from transportation sources, industrial processes (including
smelters and battery manufacturers) now constitute alarger percentage of remaining lead
emissions to the atmosphere (http://www.epa.gov/airtrends/|ead2.html, Figure 2-12). In short,
lead emissions into the atmosphere decreased greatly in the 1980's and 1990's, atrend that has
continued on through to the present. As a consequence, airborne lead now represents only a
relatively small component of total exposure to lead in the United States, such that the principal
sources and pathways for U.S. lead exposure among the classically-defined most sensitive
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population group (young children) involve non-inhalation pathways, e.g., ingestion of lead from
deteriorating paint, food, drinking water, dust, and historically contaminated soil. While these
downward trends in air lead exposures nationwide are encouraging, several important sources of
air lead exposure may still persist in some localities. Lead emissions from specific stationary
sources and/or reentrainment of lead-contaminated soils (including from past deposition of
airborne lead) may still have significant impacts on alocal level. Recognition of the multimedia
nature of lead exposure of the general population has been important historically and sorting out
relative contributions to total lead exposure burdens represents an important input to the current
periodic Lead NAAQS review effort.

Since the 1980's, EPA has played a major, effective role in working to reduce the main
sources of lead exposure for most children, including deteriorating |ead-based paint, |ead-
contaminated dust, and |ead-contaminated residential soil (http://www.epa.gov/lead/).

For example, EPA has established standards for |ead-based paint hazards and lead dust cleanup
levelsin most pre-1978 housing and child-occupied facilities, and is now developing standards
for those conducting renovation activities that create |ead-based paint hazards and for the
management and disposal of |ead-based debris (http://www.epa.gov/lead/regulation.htm). Also,
EPA has developed standards for management of lead in solid and hazardous waste, continues to
oversee the cleanup of lead contamination at Superfund facilities, and has issued regulations to
reduce lead in drinking water (http://www.epa.gov/lead/sources.htm). Beyond taking specific
regulatory actions, the Agency’s Lead Awareness Program also continues to work to

protect human health and the environment against the dangers of lead by conducting research
and designing educational outreach efforts and materials (http://www.epa.gov/lead/).

Since the 1980’ s, EPA has also promulgated regulations under section 112 of the Clean
Air Act (42 U.S.C. § 7412), to address emissions of lead components and other toxic pollutants
from both primary lead smelters and secondary lead smelters (40 CFR Subparts X and TTT).
Under section 112(d), these emission standards are to require “the maximum degree of reduction
inemissions’ that are “achievable.” Thus, EPA promulgated section 112(d) standards for
secondary lead smelters on June 23, 1995 (60 Fed. Reg. 3587) and revised them on June 13,
1997 (62 Fed. Reg. 32209), followed by promulgation of section 112(d) standards for primary
lead smelters on June 4, 1999 (64 Fed. Reg. 30194).
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1.2 CURRENT LEAD CRITERIA AND NAAQSREVIEW
1.2.1 Proceduresand Key Milestonesfor Document Preparation

It isimportant to emphasize at the outset that development of the present document has
and will continue to include substantial external (non-EPA) expert inputs and opportunities for
public input through (a) public workshops involving the general scientific community,

(b) iterative reviews of successive drafts of this document by CASAC, and (¢) comments from
the public on successive drafts. Extensive external inputs received through such reviews will
help to ensure that the review of the Lead NAAQS will be based on critical assessment in this
document of the latest available pertinent science.

The procedures for developing this revised Lead AQCD build on experience derived from
other recent criteria document preparation efforts. These include close coordination between
NCEA-RTP and OAQPS staff, as well as with others, throughout the document
preparation/review process. Briefly, the respective responsibilities for production of the
document and meeting key milestones are as follows. An NCEA-RTP Lead Team has been
designated as being responsible for creation and implementation of a project plan for developing
the Lead AQCD, taking into account input from individuals in other ORD units, OAQPS, and
other EPA program/policy offices identified as part of the EPA Lead Work Group. The Lead
Team defines critical issues and topics to be addressed by the authors and provides direction in
order to focus on evaluation of those studies most clearly identified as likely being important for
U.S. air standard setting purposes. Criteria document materials are authored in part by
NCEA-RTP Lead Team staff with appropriate expertise in particular areas and by non-EPA
consultants to EPA who are recognized experts in pertinent specific areas (e.g., lead biokinetic
modeling, toxicology, epidemiology, etc.).

Key milestones for development of this Lead AQCD arelisted in Table 1-1. Asafirst
step, EPA announced on November 9, 2004 official initiation of the current periodic review of
air quality criteriafor lead. More specifically, under processes established in Sections 108 and
109 of the Clean Air Act, U.S. EPA began by announcing in the Federal Register (69 FR 64,926)
the formal commencement of the current review process with acall for information (see Federal
Register, 2004). In addition, EPA prepared a January 2005 draft Lead AQCD Work Plan, which
was made available for public comment and was the subject of teleconsultation with CASAC on

March 28, 2005 as a means by which to communicate the process and timeline for development
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Table 1-1. Key Milestones and Projected Schedule for Development of Revised Lead Air
Quiality Criteria Document (Lead AQCD)*

Major Milestones Target Dates

1. Literature Search Ongoing

2. Federal Register Call for Information November 9. 2004

3. Prepare Draft Lead AQCD Project Work Plan Nov-Dec 2004

4. Release Draft Project Plan for Public Comment/CASAC Review January 2005

5. Public Comment Period Jan/Feb 2005

6. CASAC Teleconsultation on Project Work Plan March 28, 2005

7. Workshop Drafts of Lead AQCD Chapters May/June 2005

8. Peer Consultative-Review Workshop(s) July/August 2005

9. Release First External Review Draft December 1, 2005
10. Public Comment Period Dec 2005-Feb 2006
11. CASAC/SAB Public Review Meeting (First Ext. Rev. Draft) Feb. 28-Mar 1, 2006
12. Release Second External Review Draft May 2006
13. Public Comment Period May/June 2006
14. CASAC/SAB Public Review Meeting (Second Ext. Rev. Draft) June 28-29,2006
15. Final Lead AQCD October 1, 2006

! Schedule may be modified from time to time, as necessary, to reflect actual project requirements and progress,
but EPA is under court order to produce afinal Lead AQCD by October 1, 2006. Missouri Codlition for the
Environment v. EPA, Civil Action No. 4:04-CV-00660 (ERW) (E.D. Mo. Sept. 14, 2005). Also, note that
materials contributed by non-EPA authors, at times, have been and will continue to be modified by EPA staff
in response to internal and/or external review comments and that EPA is responsible for the ultimate content
of this Lead AQCD.

of arevised Lead AQCD. Next, expert consultants to NCEA-RTP and NCEA-RTP staff

(a) carefully evaluated pertinent new studies obtained viathe call for information and via
ongoing literature searches conducted by NCEA-RTP information retrieval specialists and

(b) prepared preliminary draft chapter materials for inclusion in thisrevised Lead AQCD. Those
preliminary draft materials then underwent expert peer discussion at public workshops organized
and conducted by NCEA-RTP in July/August, 2005. After consideration of comments received
at the workshops, appropriate revisions were made in the draft materials and incorporated into
the First External Review Draft of the Lead AQCD, which was made available for public
comment (for 90 days) and CASAC review at a public meeting on February 28-March 1, 2006.
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EPA, after taking into account CASAC and public comments, is releasing this Second External
Review Draft of thisrevised Lead AQCD for further review by the public and CASAC before
completing the final version of it for issuance by October 1, 2006. Publication of the final
document and its availability to the public will be announced in the Federal Register.

Drawing upon evaluationsin the Lead AQCD and other |ead exposure/risk analyses, the
EPA’s Office of Air Quality Planning and Standards (OAQPS) staff will prepare adraft Lead
Staff Paper that assesses policy implications of key information in the Lead AQCD, report
pertinent exposure and risk analyses, and poses possible options for the EPA Administrator to
consider with regard to whether to retain or, if appropriate, revise the Lead NAAQS. The draft
Lead Staff Paper and analyses will aso be made available for review by the public and CASAC.
Taking into account CASAC and public comments, EPA expects to produce revised exposure
and risk analyses as well as arevised draft Lead Staff Paper for public comment and CASAC
review before making final revisionsin that Staff Paper, to inform the decisions to be made by
the EPA Administrator regarding possible retention or revision of the Lead NAAQS. The
proposed NAAQS decisions will then be made available via the Federal Register for public
comment and, following consideration of comments received, the EPA Administrator will
ultimately promulgate final Lead NAAQS decisions via their announcement in the Federal
Register.

1.3 ORGANIZATIONAL STRUCTURE AND CONTENT OF
THE DOCUMENT

1.3.1 Ascertainment of Literatureand General Document For mat

Lists of references published since completion of the 1986 Lead AQCD/Addendum and
1990 Supplement were made available to the authors. The references were mainly selected from
information data base (e.g., Pub Med) searches conducted by EPA. However, additional
references have been added as work has proceeded in creating the present draft document
materials. Asan aid in selecting pertinent new literature, the authors were also provided with a
summary of issues to be addressed in thisrevised Lead AQCD. Many such issuesidentified in
the course of previous lead criteria assessments, through interactions between EPA Lead Team

and Lead Work Group members, and viaworkshop discussions.
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The general format used in this draft document is to open each new chapter (or main
section) for the updated Lead AQCD with concise summary of key findings/conclusions from
the previous lead criteria assessments, especially the 1986 Lead AQCD/Addendum (U.S.
Environmental Protection Agency, 1986a,b) and 1990 Supplement (U.S. Environmental
Protection Agency, 1990). After presentation of such background information, the remainder of
each chapter or section typically provides an updated discussion of newer literature and resulting
key conclusions. In some cases where no new information is available, the summary of key
findings and conclusions from the previous lead criteria assessment(s) must suffice asthe basis
for current key conclusions. Increased emphasisis placed in the main chapters of this revised
Lead AQCD on interpretative evaluation and integration of evidence pertaining to a given topic
than was typical of many previous EPA air quality criteria documents, with more detailed
descriptions of individual studies or other supportive information being provided in a series of

accompanying annexes.

1.3.2 Organization and Content of the Document

This updated Lead AQCD critically assesses scientific information on the health and
welfare effects associated with exposure to the concentrations of lead in ambient air. The
document is not intended to be a detailed, exhaustive review of the literature. Rather, the cited
references reflect the current state of knowledge issues pertinent to decisions regarding possible
revision by EPA of the Lead NAAQS. Although emphasisis placed mainly on the discussion of
health and welfare effects data, other scientific information also is evaluated in order to provide a
better understanding of the nature, sources, distribution, and concentrations of lead in ambient
air, aswell as the measurement of human exposure to lead.

The focus of discussion is on assessment of selected pertinent scientific information
published since the last prior assessments of air quality criteriafor lead contained in the 1986
Lead AQCD/Addendum or 1990 Supplement. Emphasisis placed on studies conducted at or
near lead concentrations found in ambient air. Other studies are included if they contain unique
data (e.g., the documentation of a previously unreported effect or of a mechanism for an
observed effect) or if they are multiple-concentration studies designed to characterize exposure-

or dose-response rel ationships.
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As noted earlier, key findings and conclusions from the 1986 L ead AQCD/Addendum and
1990 Supplement are typically first briefly summarized at the outset of discussion of agiven
topic, with appropriate reference back to the previous criteria assessment materials. Typicaly,
important prior studies are more specifically discussed only if they are open to reinterpretation in
light of newer data and/or are judged to be potentially useful in decisions on revision of the
standards for lead. Generally, only information that has undergone scientific peer review and has
been published (or accepted for publication) in the open literature through December 31, 2005
has been considered in thisrevised Lead AQCD. Certain other unpublished analyses (e.g., EPA
analyses of recently available U.S. lead air quality data) is also considered, depending on the
importance of the subject information and its pertinence to criteria development for Lead
NAAQS, as determined in consultation with CASAC.

This Lead AQCD consists of two volumes. Volume 1 consists of eight chapters that
comprise the main body of the revised Lead AQCD and an Executive Summary for al chapters.
In Volume | of this draft document, this introductory chapter (Chapter 1): (@) provides brief
statements regarding the purpose of the document; (b) presents information on the legidlative
background and regulatory chronology of lead criteriareviews, and (c) presents an overview of
the organization of the document. Chapter 2 provides information on the physics and chemistry
of lead, aswell as sources, emissions, transport and deposition/fate. Chapter 3 discusses
environmental concentrations, dispersal patterns, and multimedia exposure pathways. Chapter 4
focuses on the measurement of concentrations of lead in biological samples and the modeling of
multimedia exposure impacts on human internal lead burdens, especially as indexed by blood or
bone lead concentrations. Then, Chapter 5 discusses toxicol ogic studies of lead health effectsin
humans, laboratory animals, and in vitro test systems; whereas Chapter 6 assesses |ead-related
epidemiologic (observational) studies of human population groups. Chapter 7 provides an
integrative synthesis of key information drawn from the earlier chapters to delineate human lead
exposure and health effect findings and conclusions of most importance for derivation of primary
Pb NAAQS. Lastly, Chapter 8 deals with ecological and other environmental effects of lead as
key types of welfare effects pertinent to the derivation of secondary Pb NAAQS. Volumell of
thisrevised Lead AQCD includes several annexes containing more detailed descriptive materials
supporting the interpretative evaluations highlighted in the main chapters dealing with health and
vegetation/ecological effects.
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2. CHEMISTRY, SOURCES, AND TRANSPORT
OF LEAD

The purpose of this chapter is to provide background information on the chemical
properties of Pb that are relevant to its transport within the environment, its transport into
ecosystems and its impact on human health; to discuss the known sources of Pb in the
environment; and to outline the mechanisms by which Pb is transported within the environment.
The chapter does not provide a comprehensive list of all sources of lead, nor does it provide
emission rates or emission factors for all source categories, since such information is available
for only a limited number of sources. Rather, the chapter provides data on the chemistry,
sources, and transport of lead where information is available in the literature. Particle size
distribution data for lead are even scarcer than total lead emissions from sources; particle size

data are presented where such data are available.

21 PHYSICAL AND CHEMICAL PROPERTIES OF LEAD
Properties of Elemental Lead

Elemental Pb possesses an array of useful physical and chemical properties, making it
among the first metals to be extracted and used by humankind. It has a relatively low melting
point (327.5C), is a soft, malleable, and ductile metal, a poor electrical conductor, and is easily
cast, rolled and extruded. While sensitive to environmental acids, after exposure to
environmental sulfuric acid (H,SO4), metallic Pb becomes impervious to corrosion due to
weathering and submersion in water. This effect is due to lead sulfate (PbSOy), the relatively
insoluble precipitate produced by reaction of Pb with H,SO,, forms a protective barrier against
further chemical reactions (Schweitzer, 2003). This aspect of its chemistry made Pb especially
convenient for roofing, containment of corrosive liquids, and until the discovery of its adverse
health effects, construction of water supply systems.

Lead is readily extracted from galena, a widely available sulfide mineral form of lead
(PbS), by froth flotation, followed by roasting in the presence of a limited amount of oxygen to

form litharge, one of two forms of lead oxide (PbO). Elemental Pb is then isolated by reducing
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PbO by way of heating in the presence of elemental carbon (coke, charcoal) (Greenwood and
Earnshaw, 1984). This and other extraction and recovery processes will be discussed in greater
detail, later in this chapter.

Lead alloys constitute 60% of lead used in industry (Prengaman, 2003). The major
alloying elements are antimony, calcium, tin, copper, tellurium, arsenic, and silver. Selenium,
sulfur, bismuth, cadmium, indium, aluminum, and strontium are also sometimes used. Lead
alloys are found primarily in lead acid batteries, solder, ammunition, and cable sheathing
(Prengaman, 2003). Table 2-1 provides a list of Pb alloys in use by industry.

Some of the physical properties of elemental Pb are listed in Table 2-2. The most
important of these properties, when evaluating the transport routes for Pb within the atmosphere,
is its boiling point. As indicated, Pb will only exist in the vapor phase at or above 1750 °C.
Therefore, at ambient atmospheric temperatures, elemental Pb will deposit to surfaces or exist in

the atmosphere as a component of atmospheric aerosol.

Oxidation States of Lead

Lead is the heaviest congener of carbon, and shares many properties with the other
elements found in the same column of the periodic chart (silicon, germanium, and tin).

As Group IV elements, these elements have four valence electrons (2 p and 2 S), allowing for
both divalent and tetravalent compounds.

Due to its high atomic number (82), the valence electron orbitals of the Pb atom exist at a
comparatively large distance from its nucleus. As with Sand p orbitals at any quantum level,
electrons in the 6S orbital tend to occupy space near the nucleus with greater probability than
those in the 6p orbital. The strong attraction produced by the large Pb nucleus combined with
the long distance that the 6s electrons must travel result in electron accelerations to relativistic
speeds. The Theory of Relativity states that as the velocity of matter approaches the speed of
light, its apparent mass increases. In this instance, the electrons in the Pb 6s orbital experience
an increase in weight, which increases the attractive effect of the positive nuclear charge, which
contracts the diameter of the Pb 6s orbital (Pitzer, 1979). This “relativistic effect” on valence
electrons is proportional to the square of atomic number, and manifests within the Group IV
elements as a distinctly increasing trend in the stability of the divalent state from Si down to Pb.

In the case of Pb, the two 65 electrons behave as if they were chemically inert, leaving only the
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Table2-1. Lead Alloysand Their Industrial Applications

Lead Alloy

Uses

Lead-Antimony

Lead-Calcium

Lead-Tin

Lead-Copper

Lead-Silver

Lead-Tellurium

Lead-Bismuth

Lead-Cadmium

Lead-Indium

Lead-Strontium

Lead-Lithium

Lead-Antimony-Tin
Lead-Calcium-Aluminum
Lead-Calcium-Tin
Lead-Calcium-Silver

Lead-Antimony-Silver

Lead-Silver-Tin

Lead-Strontium-Tin

Lead-Lithium-Tin

Grids, posts, and connectors for lead-acid batteries, ammunition, cable
sheathing, anodes, tank linings, pumps, valves, and heating and cooling coils

Automotive, standby power, submarines, and specialty sealed batteries,
electrowinning anodes, cable sheathing, sleeving, specialty boat keels, and lead
alloy tapes

Soldering for electronics, general purposes, automobile radiators, and heat
exchangers, corrosion resistant coatings on steel and copper, cable sheathing,
fuses, sprinkler system alloys, foundry pattern alloys, molds, dies, punches,
cores, mandrels, replication of human body parts, and filters for tube bonding

Lead sheet, pipe, cable sheathing, wire, fabricated products, tank linings, tubes
for acid-mist precipitators, steam heating pipes for sulfuric acid or chromate
plating baths, and lead sheathing for roofs

Anodes, high-temperature solders, insoluble anodes in the electrowinning of
zinc and manganese, and soft solders

Pipes, sheets, shielding for nuclear reactors, and cable sheathing

Fuses, sprinkler system alloys, foundry pattern alloys, molds, dies, punches,
cores, mandrels, solders, replication of human body parts, and filters for tube
bonding

Fuses, sprinkler system alloys, foundry pattern alloys, molds, dies, punches,
cores, mandrels, solders, replication of human body parts, and filters for
tube bonding

Fuses, sprinkler system alloys, foundry pattern alloys, molds, dies, punches,
cores, mandrels, solders, replication of human body parts, filters for tube
bonding, and joining metals to glass

Battery grids

Bearings, lead-acid battery grids

Printing, bearings, solders, slush castings, and specialty castings

Negative battery grids of lead-acid batteries

Positive grids of lead-calcium batteries, and lead anodes for electrowinning
Zinc electrowinning

Anodes used for the production of thin copper foil in electronics, and anodes in
cathodic protection of steel pipes and structures in water

Anodes in cathodic protection of steel pipes and structures in water, and soft
solders

Anodes for copper electrowinning

Lead-acid battery grids

Source: Prengaman (2003).

May 2006

2-3 DRAFT-DO NOT QUOTE OR CITE



O© o0 9 O n B~ W N =

[ S e S e T
AN »n A W N = O

Table 2-2.

Physical Properties of Elemental Lead

Physical Property

Atomic number 82
Atomic weight 207.2
Valence electrons [Xe]4f'*5d"6s°6p”
Melting point 328 °C
Boiling point 1750 °C
Density 11.34 g/em’
Atomic radius 146 pm
Standard reduction potential -0.126V
Oxidation numbers +2, +4

Ionization Energy

715.6 kJ/mol

Source: Kotz and Purcell (1991).

two 6p electrons available for bonding or oxidation under ordinary conditions. For this reason,
the relativistic effect is also known as the “inert pair effect.” Consequently, Pb(II) is the most
common oxidation state in which Pb is found in the environment (King, 1995; Claudio et al.,
2003).

Lead is distinguished from other elements that are subject to relativistic effects by its
preference for forming tetravalent (Pb(IV) organometallic compounds, however. In fact, it is
only with rare exception that Pb(II) organometallic compounds form (Pelletier, 1995;
Greenwood and Earnshaw, 1984). All simple alkyllead compounds, such as the well-known fuel
additives, tetramethyllead (TML) and tetraethyllead (TEL) are composed of Pb(IV). In contrast,
inorganic Pb(IV) compounds, such as PbO, are strong oxidants, and unstable with respect to
their Pb(Il) analogs. There are, overall, more than 200 known organolead compounds
(Harrison, 1985).

In relation to the other Group IV metals, however, Pb forms the least stable and most
reactive organometallic derivatives. This is largely due to the weak bond between lead and
carbon, consistent with its large atomic size, and the influence of the relativistic effect on its

valence orbitals. Specifically, the mean bond dissociation energies of the metal-carbon bonds for
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Group IV elements are 56.7 kcal/mol for germanium, 46.2 kcal/mol for tin, and 30.8 kcal/mol for
lead (Shapiro & Frey, 1968). Organolead compounds are thermally unstable and will decompose
to metallic lead and free radicals at relatively low temperatures (Willemsen and van der Kerk,
1965). For example, TML decomposes at temperatures above 200°C, and TEL decomposes at
temperatures above 110°C (King, 1995). In solution, organolead compounds decompose in the
presence of UV radiation (1 hr/254 nm) and sunlight (Gomez Ariza et al., 2000).

Tetralkyllead compounds have atmospheric residence times ranging from a few hours to a
few days (Pelletier, 1995). TML and TEL react with OH in the gas-phase, following pseudo-first
order kinetics, to form a variety of products that include ionic trialkyllead (TriAL), dialkyllead
(DiAL) and metallic Pb. Trialkyllead is slow to react with OH and is quite persistent in the

atmosphere (Hewitt and Harrison, 1986; Harrison and Laxen, 1980).

Lead Oxides, Chalcogenides, and Salts

A rich variety of inorganic Pb compounds and complex salts can be prepared in the
laboratory under conditions of temperature and pressure not usually seen in the environment.
Information on the many possible organic and inorganic Pb compounds can be found in the text
by Greenwood and Earnshaw (1984). Several representative Pb salts and oxides are described in
Tables 2-3 and 2-4. Inorganic Pb compounds that can be found in the environment are the focus
of this discussion.

As explained earlier, Pb exists preferentially in its +2 oxidation state in the environment.
Under aqueous acidic conditions, Pb readily oxidizes, with a strongly positive electrochemical
potential (E°=1.355V),and a large equilibrium constant (K = 10 ?1) " to form Pb(II) (Singley,
1994):

2Pb+ 0, +4H" > 2Pb*" +2H,0 (2-1)

Table 2-5 lists the various Pb compounds and salts that are present naturally or are
introduced into the environment by anthropogenic activities. From this list, it is clear that only a
relatively limited number of salts and covalently-bound Pb compounds are of significance in
the environment, i.e., sulfates (PbSQOy), chlorides (PbCl,), carbonates (PbCO3, Pb(HCOs) ,),
hydroxides (Pb(OH) ,), nitrates (Pb(NOs) 2), phosphates (PbPO4, Pb(HPO,) »), silicates, oxides
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Table 2-3. Lead Salts: Names, Formulae, Physical Characteristics, and Uses

Compound
Category Name Formula Form Uses
Lead Acetates ~ Anhydrous Lead Pb(C,H30,), White, crystalline  Preparing other lead salts
Acetate solid
Basic Lead 2Pb(OH), Heavy, white Sugar analysis
Acetate Pb(C,H;0,), powder
Lead Acetate Pb(C,H30,), White, Making other lead compounds, mordant for
Trihydrate monoclinic cotton dyes, water repellant, processing agent
crystalline solid for cosmetics, perfumes, and toiletries
Lead Tetraacetate ~ Pb(C,H30,)4 Colorless, Oxidizing agent in organic synthesis, cleaving
monoclinic of a-hydroxy acids, introducing acetyl groups
crystalline solid in organic molecules
Lead Lead Carbonate PbCO; Colorless, Catalytic polymerization of formaldehyde,
Carbonates orthorhombic improving the bonding of polychloroprene to
crystals metals in wire-reinforced hoses, a component
of high-pressure lubricating greases, and a
lubricant for polyvinyl chloride
Basic Lead 2PbCO; White, hexagonal ~ Ceramic glazes, a curing agent with peroxides
Carbonate crystals to form polyethylene wire insulation, a color-
changing component of temperature-sensitive
inks, a component of lubricating grease, and a
component of weighted nylon-reinforced fish
nets made of polyvinyl chloride fibers
Lead Halides Lead Fluoride PbF, Colorless, Glass sealing disks for IR sensors, wear-
orthorhombic resistant automotive shock absorbers,
crystals electrolytic deposition of lead, flux for
brazing of aluminum and its alloys, optical
glass fibers for IR transmission, and thin film
batteries
Lead Chloride PbCl, White, Artist’s pigment, precursor of organolead
orthorhombic compounds, seawater-activated batteries,
needles expanding polymer mortar, flux for soldering
cast iron and cast brass, sound-insulating
rubber sealants, corrosion inhibitor for
galvanized steel, and infrared-transmitting
glasses for CO, lasers
Lead Bromide PbBr, White, Filler for flame-resistant polypropylene, glass
orthorhombic optical waveguides for infrared thermometers
crystals and catalysts for producing polyesters
Lead Iodide Pbl, Powdery, yellow,  Aerosols for cloud seeding, making high-
hexagonal contrast photographic images of laser
crystals radiation, high capacity cathodes in lithium
batteries, and low-temperature thermographic
copying materials
Lead Silicates ~ Lead 3PbO- White, trigonal Formulating lead-bearing glazes for ceramics,
Monosilicate 2Si0, crystalline source of PbO in glass manufacturing
powder
Lead Bisilicate PbO Pale yellow Ceramic glazes
0.03A1,05° powder
1.958i0,
Tribasic Lead 3PbO-SiO, Reddish-yellow Glass and frit production
Silicate powder
Lead Sulfates Tribasic Lead 3PbO Fine, white Providing long-term heat stability to PVC,
Sulfate PbSO, powder electrical insulation, activation for
H,O azodicarbonamide blowing agents for vinyl
foam
Source: Carr (2003).
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Table 2-4. Lead Oxides. Names, Formulae, Physical Characteristics, and Uses

Name Formula Form Uses
Lead Monoxide PbO Reddish below 489°C, Pastes for the grids of lead-acid batteries, optical,
yellow at high electrical, and electronic glasses, glazes for fine
temperatures tableware, vulcanizing agent for rubber, lead soaps
used in driers as varnishes, high-temperature
lubricants, neutralizing agent in organic synthesis,
heat stabilizer in plastics, and starting material in
the production of pigments
Lead Dioxide PbO, Brownish-black Active material of the positive plates in lead-acid
crystalline powder of batteries, oxidizing agent in the manufacture of
fine flakes chemicals, dyes, matches, pyrotechnics, and liquid
polysulfide polymers, antifriction agent for plastic
sliding bearings, ballistic modifiers in high-energy
propellants, electrodes for seawater electrolysis,
filters for desulfurization of waste gases,
vulcanizing agents for butyl-rubber puncture-
sealing layers inside tires
Lead Pb,04 Amorphous, orange- Ballistic modifier for high-energy propellants,
Sesquioxide yellow powder cathode material in lithium batteries, additive to
increase the shattering force of explosives
Red Lead Pb;04 Brilliant orange-red Pigment in anticorrosion paints for steel surfaces,

pigment

lead oxide pastes for tubular lead-acid batteries,
ballistic modifiers for high-energy propellants,
ceramic glazes for porcelain, lubricants for hot
pressing metals, radiation-shielding foam coatings
in clinical x-ray exposures, and rubber adhesives
for roadway joints

Source: Carr (2003).

(PbO, Pb304), and PbS. With the exception of the covalently-bound sulfide and oxide, these

compounds are derived from acids (or the related anions) that are common in the environment,

such as sulfuric acid (H,SOy), nitric acid (HNO3), carbonic acid (H,COs), an acid that forms

when CO2 dissolves in water), and phosphoric acid (H3;PO4). Lead salts, once formed, tend to be

only slightly soluble in neutral solutions, but are quite soluble in the presence of acid (Weast

et al, 1988).
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Table 2-5. Lead Compounds Observed in the Environment

L ocation Observed Pb Compounds

Minerals PbS (Galena)
PbO (Litharge, Massicot)
Pb;0,4 (Miniumor “ Red Lead” )
PbCO; (Cerussite)
PbSO, (Anglesite)

Smelting Aerosols Pb’, PbS
PbSO,, PbO, PbSO4.PbO
PbCO;
Pb silicates

Coal Combustion Aerosols PbS
PbSe

Coal Combustion Flue Gases Pb°, PbO, PbO, (Above 1150K)
PbCl, (Low rank coals, above 1150K)
PbSO, (Below 1150 K)

Wood Combustion PbCO;

Waste Incineration Aerosols PbCl,
PbO

Soils Near Mining Operations PbCO;,
PbSO,
[PbFes(SO4)4(OH)12]
[Pbs(PO,)3Cl]
[PbySO4(CO;3)2(OH);]
PbS-Bi,S;
Pb oxides, silicates

Motor vehicle exhaust (combustion of leaded fuel)” PbBrCl
PbBrCI-2NH,CI

PbBrCI-NH,Cl

Roadside dust® PbSO,, Pb’, PbSO, (NH,)SO,, Pb;0,,
PbO-PbSO, and 2PbCO5-Pb(OH),,PbSO,

Other mobile sources:

Brake wear, wheel weights Pb°

NASCAR vehicle emissions Pb halides

Aircraft engine wear Pb°

Lawn mowers Pb halides (Battery leakage)

*Source: Biggins and Harrison (1979, 1980).

Lead Coordination Chemistry, and Its Role in Biochemistry
The formation of coordinate covalent complexes represents a different class of chemical
interaction from the formation of simple covalent compounds and salts. “Coordinate covalent”

bonds form when anions or neutral molecules interact with metal ions in solution that are capable
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of donating both of the electrons required to form a covalent bond. These molecules (or anions)
are called, “ligands,” or “electron donors.” Ligands possess a filled valence orbital with a
geometry that allows it to overlap to a substantial degree with an empty orbital associated with
the metal ion. In the case of Pb, its large atomic size is associated with several out-lying empty
atomic orbitals leading to a tendency to form a large number of coordinate covalent bonds
(Claudio et al., 2003). This is suggested by the coordination number (9) of PbCl,, in its
crystalline form, which is able to share electrons with 9 adjacent chloride ions (Cl") (Douglas
etal., 1983).

Molecules capable of serving as ligands for metal ions in solution take many forms.
“Monodentate” ligands are molecules capable of providing 2 electrons to form a single
coordinate bond, such as water (H,O), ammonia (NH3); “multidentate” ligands can participate in
more than one coordinate bond. A common term for the binding of a metal ion by a multidentate
ligand is “chelation.” The chelating agent, ethylenediaminetetraacetic acid (EDTA), is a well
known, hexadentate ligand, containing 6 functional groups capable of forming 6-coordinate
bonds with metal ions in aqueous solution. Proteins, particularly the active sites of enzymes,
contain functional groups—ususally associated with amino acid side chains—that can serve as
ligands for metal ions. In fact, the zinc finger proteins must form coordinate complexes with
Zn”" ions to stabilize their active conformations (Claudio et al., 2003).

Several types of equilibrium constants for ligand-metal interactions can be derived,
depending on the property of interest. One formulation, the “binding constant (K),” between the
free metal ion and ligands in- solution, with the ligand-metal complex, is derived below, for a

negatively charged ligand:

[ML,""]
[ML, >*][L~]

K, =binding constant = (2-2)

Where:
_ [ML™']
O IM™L]

_ [ML,™]
[ML™][L-]°

b2

Etc.
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Ky provides a measure of the stability of a solution of the free metal ion, M"" and an
individual ligand, L, compared to the complex of ML™". Alternatively, Ky, gives an indication of
the strength of the interaction between Mn+ and L. Thus, Ky, indicates the strength of the
interaction between the ML"" complex and an additional ligand, L. Subsequent additions of
ligands to the complex are described following the same convention. Binding constants are
useful, in particular, for evaluating the strength of interactions between metals and small
(monodentate) ligands. The form typically used to evaluate binding between metals and proteins

is the “dissociation” constant, K4. The example given here is for a neutral ligand:

K, =dissociaton constant :M (2-3)
[ML, ]
Where:

_[M™MIILT

dl [MLn+] >
_[ML™][L]

2 n+

[ML," ]

Etc.

K4 is the inverse of Ky, in that it refers to stability of the existing complex between ligand
and metal, versus the free metal ion and the free ligand. Ky; is a measure of the strength of the
bond between an individual ligand and the metal-ligand complex. Ky, indicates the strength of
the interaction as the second ligand is, subsequently, removed. A variety of quantitative,
analytical methods are available for measuring the binding and dissociation constants for specific
combinations of metals and ligands.

A simple, qualitative model is commonly used for discussing the relative strength of
coordinate covalent bonding between different metals and ligands is the Pearson’s Hard-Soft
Acid-Base (HSAB) model (Douglas et al., 1983). Heavier metals, such as Pb, which have more
electrons and more spatially diffuse valence orbitals, are described as “soft” (Lewis) acids.
Lighter metals, with fewer electrons and more closely-spaced valence orbitals, are described as
“hard” (Lewis) acids. These metals tend to preferentially bond with ligands with similar

electronic properties. Hard acids tend, for example, to prefer oxygen-based ligands, i.e.
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“hard bases,” and soft acids prefer ligands based on larger atoms, such as sulfur and selenium,
1.e., “soft bases.”

The HSAB concept is useful for understanding the behavior of Pb in the biological
context. Lead forms coordinate covalent bonds with ligand atoms with effectiveness that
declines with atomic size. For example, Pb forms especially stable bonds with sulfur and sulfur-
containing compounds, and somewhat less so with carboxylic acids (O-based ligands) and
imidazoles (N-based ligands) (Claudio et al., 2003).

In biological systems, Pb competes very effectively with native or homeostatic metal ions
for binding with the sulphahydryl, carboxyl and imidazole side-chains comprising enzyme active
sites. This competition leads to inhibition of enzyme activity, as well as the replacement of
calcium in bone and, ultimately, to a substantial list of negative human health effects. The
relative strength of these different interactions appears to be reasonably well-predicted by the
HSAB model.

By far, the most effective biological ligands for Pb are amino acid side-chains containing
sulfur and selenium. Smaller electron donors (hard bases), such as carboxylic acids that bind Pb
via electrons associated with oxygen, form weaker bonds. These complexes are generally more
labile, i.e., bonds form and break rapidly, thus allowing more effective competition at protein
binding sites amongst metals available in solution. Example simple ligands in this case are the
amine functional group, -NH, and the thiol functional group, -SH. The amine group has a Pb
binding constant on the order of 100, while the thiol group binding constant is on the order of
10”. Example proteins in this instance are carboxypeptidase A, a zinc-binding protein, with
carboxylate and histidine side-chains, and the four cysteine zinc finger consensus peptide, CP [
CCC. Carboxypeptidase A has a Pb dissociation constant of approximately 10 M, versus that
of the zinc finger protein, which is 3.9 X 10" M. Claudio et al. (2003) concluded, on the basis
of these values, that carboxypeptidase A is unlikely to be a protein associated with Pb poisoning,
while cysteine-rich proteins, including the zinc enzyme, d-aminolevulinic acid dehydratase
(ALAD), the second enzyme in the heme biosynthetic pathway, are more likely targets. ALAD
active site, with its Cys; active site, is known to be inhibited at femtomolar (10" M)
concentrations of Pb in vitro.

Figure 2-1 illustrates the wide array of possible inhibitory interactions between Pb>" and

proteins responsible for transduction at nerve synapses. Targets for Pb>" interference at the
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Figure2.1 Multiple possible molecular targetsfor interference by Pb* ion at
nerve synapses.

Source: Nihei and Guilarte (2002).

presynaptic terminal include synaptic vesicles, ionotropic receptors, Ca** and other channel
proteins, and kinase proteins. At the postsynaptic interface, ionotropic proteins, dopamine
receptors, protein kinase-C isoenzymes and ion channel proteins are amongst the proteins subject
to interference by Pb*" (Nihei and Guliarte, 2002).

Additional information concerning the physical aspects of Pb coordination chemistry and
its role in biological systems can be gotten from the substantial review by Claudio et al. (2003).
A complete discussion of the neuro- and other toxic effects associated with exposure to Pb can

be found in Chapter 5 of this document.
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2.2 SOURCESOF LEAD

In this section, we summarize information on a number of major sources of lead,
categorized as natural sources, stationary point sources, and mobile sources. In addition to these
categories, fugitive emissions such as resuspension of lead in soil and dust can be important.

Resuspension is considered a transport route and is therefore discussed in Section 2.3.

2.2.1 Natural Sources

The common sources of natural Pb include volcanoes, sea-salt spray, biogenic sources,
wild forest fires, and wind-borne soil particles in rural areas with background soil concentrations.
Natural sources combined contribute an estimated 19,000 metric tons of Pb to the air each year
(Nriagu and Pacyna, 1988). However, there is significant variability in the Pb emissions from
volcanoes and forest fires and considerable uncertainty in biogenic and sea-salt emissions of Pb
(Nriagu, 1989). Table 2-6 shows the median value and the range of annual emissions worldwide

for natural sources of airborne Pb.

Table 2-6. Annual, Worldwide Emissions of Lead from Natural Sour ces

Amount Emitted: Range Amount Emitted: Median

Source (thousands of metric tonslyr) (thousands of metric tonslyr)
Wind-borne soil particles 0.3-7.5 3.9

Seasalt Spray 0.02-2.8 1.4

Volcanoes 0.54-6.0 33

Wild Forest Fires 0.06-3.8 1.9

Biogenic, continental particulates 0.02-2.5 1.3

Biogenic, continental volatiles 0.01-0.038 0.20

Biogenic marine sources 0.02-0.45 0.24

Total 0.97-23 12

Source: Nriagu (1989).
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The natural lead emissions worldwide are somewhat greater than the estimated
3800 metric tons/year of lead emitted from anthropogenic stationary and mobile sources in the
U.S. in the year 2000 (U.S. Environmental Protection Agency, 2003). However, many countries
around the world have much greater lead emissions than the U.S. from stationary and mobile
sources, including several countries that still use leaded gasoline. Furthermore, the EPA estimate
does not account for emissions of lead in resuspended soil. Harris and Davidson (2005) estimate
that stationary and mobile source emissions account for only about 10% of the total lead
emissions in the South Coast Air Basin of California; the remaining 90% of the emissions are
from resuspended soil. The soil contains elevated lead levels because of the many decades of
leaded gasoline use. Therefore, on a worldwide basis, the anthropogenic emissions of lead are
expected to be much greater than natural emissions.

There are four stable isotopes of Pb: 204Pb, 206Pb, 207Pb, and *®®Pb. The last three of these
isotopes are produced by decay of ***U, %>U, and ***Th respectively. The concentrations of
natural vs. anthropogenically derived Pb in environmental media are often determined through
isotopic ratios. Most minable Pb ores exhibit ratios of **°Pb/*°’Pb between 0.92 and 1.20
(Erel et al., 1997). Rock released or “natural” Pb, however, generally exhibits a higher
*°Pb/*""Pb ratio.

Deep soil samples converge to ratios of 2°°Pb/*"’Pb ~ 1.21 and ***Pb/***Pb ~ 2.05 which
are considerably different than the natural ratios found in adjacent bedrock (Erel et al., 1997).
For more information on isotopic ratios of lead and their uses as environmental tracers, see
Chapter 8 of this document.

Natural aerosol Pb tends to have large particle sizes (Reuer and Weiss, 2002). As a result,
it deposits rapidly and has an atmospheric residence time of a few hours to ~10 days (Reuer and
Weiss, 2002). The average downward flux is estimated as 0.012 mg m > yr ' for natural Pb in all
forms (Bindler et al., 1999).

Concentrations of lead in the air and soil have most likely been elevated by anthropogenic
activities at least since the rise of the Greek and Roman societies, both of which used Pb
extensively. The natural, background concentration of Pb in soil is approximately 10 to 15 ppm
(Bindler et al. 1999; Erel et al., 1997). This is significantly higher than the adjacent bedrock but
is approximately equal to concentrations found in bedrock residues such as quartz and clay (Erel

etal., 1997). An estimated 3.1 x 10'* metric tons of Pb are dispersed within the continental crust
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(Reuer and Weiss, 2002). Of this, approximately 9.3 x 10’ metric tons of Pb are found in Pb
ores. Table 2-7 lists the naturally occurring concentrations of Pb in bedrocks, ocean crusts, and

continental crusts. Spatially, background levels of lead vary considerably.

Table2-7. Naturally Occurring Lead Concentrationsin Major Rock Types

Lithology Natural Lead Concentration (ppm)
Continental Crust 15.0

Oceanic Crust 0.9

Basalts, Gabbros 3.5

Limestones 5.0

Granulites 9.8

Greywackes 14.0

Gneisses, Mica Schists 22.0

Shales 22.0

Granites 32.0

Source: Reuer and Weiss (2002).

Natural Pb in surface water is derived from four different sources: biogenic material,
aeolian particles, fluvial particles, and erosion (Ritson et al., 1994). About 90% of natural Pb in
surface waters is in the dissolved phase (Reuer and Weiss, 2002). Organic ligands are
complexed with 50 to 70% of this Pb with the balance found in inorganic compounds (Reuer and
Weiss, 2002). Biological particles in the open ocean scavenge a significant portion of the Pb
complexes, which have an estimated two-year residence time in the surface waters (Reuer and
Weiss, 2002).

A naturally occurring, radioactive isotope of Pb, *'°Pb, is commonly studied as a tracer to
determine how particles are transported through the environment. The source of *'°Pb is the ***U
decay series. In this process, gaseous **’Rn is produced, which escapes from the soil and enters

210

the atmosphere. As radon decays into “ "Pb, the particulate Pb deposits onto soils and surface
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waters all over the world. The surfaces of all soils have been exposed to atmospherically derived
Pb particles (Bindler et al., 1999).
Particles of 2'’Pb tend to be submicron, with an average size of 0.53 pm AMD (Winkler

et al., 1998). The mean residence time for *'°

Pb in the air is approximately 4 to 5 days but has
been estimated as long as 8 days with some seasonal variability (Winkler et al., 1998). The
downward flux has been estimated as 136 Bqm > yr ' for *'°Pb (Joshi et al., 1991). This results
in natural, background concentrations in the soil of <0.1 pg/g (Bindler et al., 1999).

Atmospheric deposition is likely the largest source of *'°

Pb to water bodies. Leaching

of Pb naturally contained in host rock is a very small source to water (Toner et al., 2003).

In surface waters, >'°Pb is primarily in particulate form, while dissolved Pb is transported more
readily (Joshi et al., 1991). Dissolved *'°Pb is scavenged by suspended matter (Carvalho, 1997).
The residence time of dissolved *'°Pb is approximately 30 days although partial re-dissolution
from bottom sediments probably occurs (Carvalho, 1997). One estimate found that ~56% of
atmospherically derived *'°Pb in lakes of the Canadian Shield was retained in the sediment
(Joshi et al., 1991).

- 210
Many authors have measured concentrations of

Pb in plants (including foodstuffs) and
animals (including humans). Holtzman (1978) summarized these measurements. Concentrations
in United States vegetation range between 30 pCi/kg and 70,000 pCi/kg for wheat and lichens
respectively. The estimated human consumption of *'°Pb from vegetation averages 1.4 pCi/day
in the United States. Overall the concentrations of *'°Pb in animals vary significantly depending

on the type of tissue or organ measured. However, concentrations are generally higher in

animals with higher rates of Pb intake.

2.2.2 Lead Emission intheU.S.

Figures 2-2 and 2-3 show annual air emissions rates for U.S. Pb sources (10 tons per year
[TPY] or greater) for 1990 and 2002. These data were extracted from the National Emissions
Inventory (NEI), the database of hazardous air pollutant (HAPs) and criteria air pollutant (CAPs)
sources and annual emissions rates (U.S. Environmental Protection Agency, 2006b). EPA
collects NEI CAP data under the Consolidated Emissions Reporting Rule (CERR) (40 CFR
Part 51). The CERR specifies two sets of reporting thresholds for CAPs. Type A (large sources)
must report annually, while Type B sources must report every three years. For the 2002 NEI,
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1990 Pb Sources Emitting 10 Tons/year or More

Mobile Sources Pressed and Blown Glass and Glassware Manufacturing

Primary Lead Smelting Primary Nonferrous Metals—-Zine, Cadmium and Beryllium

Integrated Iron and Steel Manufacturing Autobody Refinishing Paint Shops

Muncipal Waste Combustors Sewage Sludge Incineration

Iron and Steel Forging Asphalt Processing and Asphalt Roofing Manufacturing

Inorganic Pigments Manufacturing Hydrochloric Acid Production
Pulp and Paper Production Petroleum Refineries - Catalytic Cracking, Catalytic Reforming, & Sulfur Plant Units
Secondary Lead Smelting Secondary Aluminum Production

Secondary Copper Smelting Paints and Allied Products Manufacturing

NEANENEMEO

FEOROSEDDRMNE S80I

Industrial/Commercial/ Institutional Boilers Process Heaters D Fabricated Structural Metal Manufacturing

Iron and Steel Foundries E Clay Ceramics Manufacturing

Hazardous Waste Incineration m Synthetic Organic Chemical Manufacturing (HON)
Secondary Nonferrous Metals B Utility Boilers: Oil

Primary Copper Smeilting m Motor Vehicle Parts and Accessories

Utility Boilers: Coal H Nonferrous Foundries, Not Elsewhere Classified
Medical Waste Incinerators D Portland Cement Manufacturing

Lead Acid Battery Manufacturing E Copper Ores

Figure 2-2. Lead emissions sourcesand ratesfor the U.S. (1990). Emissions, including all
sour cesin 1990, totaled 3598 tons.
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2002 Pb Sources Emitting 10 Tons/year or More

Iron and Steel Foundries

E Industrial/Commercial/ Institutional Boilers Process Heaters

E Utility Boilers: Coal

m Maobile Sources

B Portland Cement Manufacturing

E Hazardous Waste Incineration

E Electric Services

B National Security

m Muncipal Waste Combustors

! Integrated Iron and Steel Manufacturing

E Pressed and Blown Glass and Glassware Manufacturing

Secondary Nonferrous Metals

I:l Lead and Zinc Ores

Lead Acid Battery Manufacturing

v
Stainless and Nonstainless Steel Manufacturing: Electric Arc Furnaces (EAF)

Primary Copper Smelting
Primary Metal Products Manufacturing
E Utility Boilers: Oil
EE Industrial Inorganic Chemical Manufacturing
% Airports, Flying Fields, and Airport Terminal Services

. Refuse Systems
D Electric and Other Services Combined

D Minerals and Earths, Ground or Otherwise Treated
Ei Pulp and Paper Production

m Secondary Copper Smelting
& Ferroalloys Production: Ferromanganese and Silicomanganese

Figure 2-3. Lead emissions sourcesand ratesfor the U.S. (2002). Emissions, including all
sourcesin 2002, totaled 1726 tons.

EPA collected information on both Type A and Type B sources. (For more information
on the CERR, see:/www.epa.gov/ttnchiel/cerr/index.html). EPA collects NEI HAP data from
State, local and tribal air agencies every three years on a voluntary basis.

The NEI contains estimates of facility-specific HAP and CAP emissions and their source[’

specific parameters necessary for modeling such as location and facility characteristics (stack
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height, exit velocity, temperature, etc.). Complete source category coverage is needed, and the
NEI contains estimates of emissions from stationary point and nonpoint (stationary sources such
as residential heating that are inventoried at the county level) and mobile source categories. The
NEI contains individual stack and fugitive estimates at individual geocoordinates for point
sources. County level estimates are provided in the NEI for nonpoint and mobile sources. Point
source categories of HAPs include major and area sources as defined in Section 112 of the CAA.
Nonpoint source categories of HAPs include area sources and other stationary sources that may
be more appropriately addressed by other programs rather than through regulations developed
under certain air toxics provisions (Sections 112 or129) in the CAA.

Another source of information on Pb emissions within the U.S. is the EPA Toxics Release
Inventory (TRI) (U.S. Environmental Protection Agency, 2006a). Reported emissions in the air
in 2004, including fugitive and point source emissions from facilities, total over 1 million

pounds. Further information about the TRI can be found at (http://www.epa.gov/ebtpages/

emerreportingtoxicsreleaseinventorytri.html).

The TRI is updated annually and provides a rough estimate of temporal and spatial trends
in lead emissions. The NEI is somewhat more comprehensive but is updated less frequently.
Temporal and spatial analyses of lead emissions nationwide are presented at the end of this

chapter.

2.2.3 Stationary Sources

Emissions estimates and measurements on a per facility basis are scarce. The AP-42
document of the EPA includes emission factors for many different processes and operations.
For lead-processing facilities, these emission factors are usually expressed as grams of Pb
emitted per kg of Pb processed (U.S. Environmental Protection Agency, 2005). In general,
AP-42 data are not listed in the following sections except in the absence of newer, more robust or
peer-reviewed data on process emissions. Although AP-42 emission factors can provide a first
order estimate, they are limited in that they are often derived from one individual source and do
not reflect the variability between sources (U.S. Environmental Protection Agency, 2006c¢).
Also, in many cases, AP-42 emission factors do not account for process parameters. In some

cases, AP-42 may complement the data listed below, and the reader is referred there for emission
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factors not given in this chapter. Up-to-date, accurate emissions estimates are critical as inputs

to models predicting airborne concentrations, and more research in this area is needed.

Primary and Secondary Lead Smelters

Primary Pb smelting is the process by which elemental Pb is recovered from Pb ore.

Lead ore is primarily in the form of galena (PbS) but can also occur as plattnerite (PbO,),
cerussite (PbCOs), and anglesite (PbSO,) (Reuer and Weiss, 2002). Producing elemental Pb
from ore involves three processes — sintering, reduction, and refining — each with its own
characteristic emissions. Primary Pb production in the United States emitted about 565 metric
tons of Pb in 2000, approximately 14.7% of total anthropogenic Pb emissions in the United
States (U.S. Environmental Protection Agency, 2003).

Secondary Pb smelters reclaim scrap Pb. Both the principal input to and the principal
major product market of secondary smelters are lead-acid batteries. Secondary Pb production
contributed 82% of total Pb production in 2003 (USGS, 2003). Secondary Pb production in the
United States emitted about 422 metric tons of Pb in 2000, approximately 11.0% of total
anthropogenic Pb emissions in the United States (U.S. Environmental Protection Agency, 2003).
Although recycling of lead-acid batteries with minimal emissions may be possible (Socolow and
Thomas, 1997) secondary smelters and battery recycling facilities are still one of the most
significant stationary sources of airborne lead emissions.

The quantity of Pb emitted from a given facility is highly variable and depends on facility
processes and meteorological conditions such as wind speed and ambient temperature.
Emissions estimates are typically performed through direct measurements, mass balances,
process models, inverse inferences, or emissions factors (Frey and Small, 2003).

Emissions from smelters have been measured in several cases. A survey of approximately
50 European Pb smelters had mean emission factors of 0.1 grams and 0.05 grams of Pb emitted
per kg of Pb processed for primary and secondary Pb smelters respectively (Baldasano et al.,
1997). Measurements of emissions from the blast furnace of a primary smelter were between
1.2 and 3.8 kg Pb/hr (Bennett and Knapp, 1989). The acid-sinter at the same plant emitted
between 0.4 and 8.5 kg Pb/hr (Bennett and Knapp, 1989). Emissions occur during every stage of
the overall smelting process. Because the process emissions mostly are controlled to conserve

raw materials, the largest source of emissions is likely to be fugitive dust from the transport,
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grinding, and storage of battery scrap (Kimbrough and Suffet, 1995), which by definition is
uncontrolled.

Much work has been done to determine the species of Pb emitted from the various
smelting processes. The fraction of Pb in particulate matter (PM) emissions varies significantly
between processes and depends on the type of furnace used. However, Pb is often the dominant
element in smelter emissions. Lead can be emitted either in PM or in fumes. Lead fume
emissions are particularly high if Pb blast furnace bullion is transferred in an open ladle (Wang
and Morris, 1995). Major components of particulate Pb emissions are PbS, PbSO4, PbSO4+PbO,
and elemental Pb, and minor species are PbCOs, PbO, Pb silicates, and PbO litharge (Batonneau
et al, 2004; Harrison and Williams, 1983; Ohmsen, 2001; Sobanska et al, 1999; Rieuwarts and
Farago, 1995).

The distribution of particle sizes varies depending on temperature, process, and the
conditions of each facility. Ohmsen (2001) found that Pb emissions from a blast furnace tend to
be less than 1 pm in size and have a smaller diameter than particulate emissions from either the
sintering process or storage areas. Higher temperatures (>600 °C) in the blast furnace tend to
produce emissions with finer particle sizes. Dusts from the raw materials area tend to fall
between 10 and 100 um, while dusts from the refinery tend to fall between 1 and 30 pm
(Ohmsen, 2001). Sobanska et al (1999) found that just 15% of dust particles by mass emitted
from a “water jacket” furnace were smaller than 10 um and the remaining 85% fell between
10 and 100 pum. The measurements of Harrison et al. (1981) at a primary smelter found that
particles derived from combustion processes were typically between 0.1 and 2 um, but particle
size measurements showed that these particles could agglomerate to more than 10 um if they are
confined to ventilation ducts. Reported sizes from primary smelting processes are shown in
Table 2-8.

The concentrations of Pb in stack outlets have been measured in several cases.
Measurements taken at the stack of a blast furnace at a primary smelter ranged between 3.67 and
7.32 mg/m’ (Bennett and Knapp, 1989). Stack concentrations at the sinter plant of the same
facility ranged between 4.48 and 71.0 mg/m’ (Bennett and Knapp, 1989). Two stacks on a blast
furnace at a secondary smelting facility had Pb concentrations of 0.002 and 0.0137 mg/m’
(Sturges and Harrison, 1986). The average values of approximately 50 European smelters were

2 mg/m’ for both primary and secondary smelters (Baldasano, et al., 1997).
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Table2-8. The Mass-Median Aerodynamic Diametersfor Particles During Various
Processes at Primary Lead Smelters

Average Particle Size

Primary Smelter Harrison et al. Ohmsen Bennett and Knapp
Process (1981) (2001) (1989)
Raw Materials — 40 pm (range = 10-100 um) —
0.91 um, 80% of
Sinter 5.1 pm range = 10-300 pm particles <10 pm
1.1 pm, 88% of
Blast Furnace 3.4 pm 90% of particles were <1 um particles <10 pm
Copper Drosser 9.4 um range = 10-300 pm —

range = ~1-100 pm,
Refinery — mostly <20 pm —

Note: Where there were multiple data points, geometric means were used. Data for Harrison et al. (1981) were
occasionally given as >11 pm. These values were replaced with 11 pm before calculating the geometric mean.
Thus, these values represent a lower limit.

Source: Harrison et al. (1981), Ohmsen (2001), Bennett and Knapp (1989).

The ambient air concentrations in the immediate vicinity of smelters tend to be elevated to
varying degrees depending on facility operations and meteorological conditions. In the UK, an
increase of 15 pg/m’ in the local ambient air was attributed to the emissions of a single
secondary Pb smelter (Sturges and Harrison, 1986). Harrison and Williams (1983) measured
concentrations of 15.8 pg/m’, 0.691-5.1 pg/m’, and 0.151-4.54 pg/m’ at sites 500 m, 700 m, and
1200 m from the stacks of a primary smelter respectively. Fenceline measurements at two
secondary smelters located in California ranged between 0.85 and 4.0 pg/m’ (Kimbrough and
Suffet, 1995). Air concentration data measured at 50 m, 500 m, and 800 m from the plant were
slightly lower but generally the same order of magnitude as the fenceline values. Ambient
concentrations measured at 12 sites within several hundred meters of three secondary Pb
smelters in Manitoba were elevated (Tsai, 1987). The geometric means of these samples, which
were taken over three month time spans, ranged between 0.107 and 1.69 pg/m’. Additionally,
the area was shown to be much less likely to meet the Manitoba guideline of <5 ug/m3 fora

24-hour average when the smelters were operating than when they were not.
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Non-Lead Metallurgical Processes

Emissions of Pb from non-lead smelters can be significant. Emissions from smelters,
metal works, and metal refineries depend on the type of equipment used to process the metals,
the concentrations of Pb in the initial material (ore, recycled material, or alloy), the type and
effectiveness of pollution controls at the facility, and the temperature of operations (Pacyna,
1986). Little work has been done to speciate Pb emissions from metallurgical facilities, although
Pb emissions from a primary copper-nickel smelter are primarily in the form of PbO (Barcan,

2002). The emissions of Pb from non-lead metallurgical processes are summarized in Table 2-9.

Ore Mining and Processing

Lead mining occurs in 47 countries, although primary Pb production is on the decline
(Dudka and Adriano, 1997). World mine production of Pb is approximately 2.8 million metric
tons per year (Wernick and Themelis, 1998). The reserve base of Pb is estimated to be about
120 million metric tons, which will sustain current rates of mine production for 43 years
(Wernick and Themelis, 1998).

Mines can be a significant source of metal emissions to the atmosphere. Lead and zinc
ores, which are often mined together, frequently contain high concentrations of cadmium and
arsenic (Pacyna, 1986). An emission factor for Pb mines has been reported as 0.91 grams of Pb
emitted to the air per kg of Pb mined (Pacyna, 1986).

Since Pb is mined in the form of galena (PbS), emissions from Pb mines tend also to be in
the form of galena (Dudka and Adriano, 1997). However, other species have been detected.

In mine spoils, Pb is typically galena and secondary alternation products such as plumbojarosite
[PbFes(SO4)4(OH) 2] (Rieuwerts and Farago, 1995). Other Pb forms detected in the vicinity of
mines are pyromorphite [Pbs(PO4);Cl], which has a low bioavailability, PbCO3 which is formed
from the weathering of galena in the soil, leadhillite [PbsSO4(CO3),(OH),], PbS*Bi,S;, Pb
oxides, Pb silicates, and PbSO, (Rieuwerts and Farago, 1995).

Although mining can be considered a point source to air, mine wastes can have a major
widespread effect on soil and water (Riewerts and Farago, 1995). Mines produce four different
types of large-volume waste: mine waste, which consists of overburden and barren rocks,
tailings, dump heap leachate, and mine water (Dudka and Adriano, 1997). Tailings especially

are major sources of metal contamination to soil and water (Bridge, 2004). Acid mine drainage
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Particle Sizes
MMAD = Mass median

Metallurgical Plant Lead Emissions aer odynamic diameter L ocation Source
Aluminum (secondary) 0.81£0.014% of PM emissions Fine (< 2.5 pm) Philadelphia, USA Olmez et al. (1988)
Aluminum (secondary) 0.098+0.031% of PM emissions Coarse (2.5-10 pm) Philadelphia, USA Olmez et al. (1988)

1.01x10-3-3.52%10-3 kg/mt

produced (venturi scrubber)

3.38%10-6-7.40%10-6 kg/mt

produced (baghouse)
Aluminum (secondary) — 1.05%10-2-1.13%10-2 kg/mt n.a. UsS U.S. EPA (1998)
burning drying produced (multiple cyclones)
Aluminum (secondary) — 5.0x10-1.1x10 kg/mt processed n.a. Us U.S. EPA (1998)
reverberatory furnace (baghouse)
Antimony 0.17+0.04% of PM emissions Fine (< 2.5 pm) Philadelphia, USA Olmez et al. (1988)
Antimony 0.11£0.02% of PM emissions Coarse (2.5-10 um) Philadelphia, USA Olmez et al. (1988)
Brass/Bronze refinery 0.01-1% of PM emissions n.a. n.a. Lee & Von Lehmden (1973)
Brass/Bronze refinery - blast 16 g/ton produced n.a. n.a. Pacyna (1986)
furnace
Brass/Bronze refinery - crucible 10 g/ton produced n.a. n.a. Pacyna (1986)
furnace
Brass/Bronze refinery - cupola 65 g/ton produced n.a. n.a. Pacyna (1986)
furnace
Brass/Bronze refinery - 60 g/ton produced n.a. n.a. Pacyna (1986)
reverberatory furnace
Brass/Bronze refinery - rotary 60 g/ton produced n.a. n.a. Pacyna (1986)

furnace
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Table 2-9 (cont’d). The Emissions of Lead from Non-L ead Metallurgical Processes

Particle Sizes
MMAD = Mass median

Metallurgical Plant Lead Emissions aerodynamic diameter L ocation Source

25 kg/mt produced (high-leaded

alloys)

6.6 kg/mt produced (red and

yellow lead alloys)
Brass/Bronze production 2.5 kg/mt produced (other alloys) n.a. uUsS U.S. EPA (1998)
Copper-Nickel 184 mt/yr, 21 kg/hr 1.2 um MMAD Copper CIiff, Ontario  Chan & Lusis (1986)
Copper-Nickel 13.4 mt/year 0.9 um MMAD Falconbridge, Ontario Chan & Lusis (1986)
Copper-Nickel (primary) 0.6-1.4% of PM emissions n.a Monchegorsk, Russia  Barcan (2002)
Copper-Nickel (primary) 2.3-3.6 kg/ton produced n.a Poland Pacyna (1986)
Copper-Nickel (primary) 3.1 kg/ton produced n.a n.a. Pacyna (1986)
Copper (primary) smelter 3.0x10% kg/ton produced n.a usS U.S. EPA (1998)
Copper (primary) converter 0.27 kg/ton produced n.a US U.S. EPA (1998)
Copper (secondary) 2.5 — 25 kg/mt produced n.a uUsS U.S. EPA (1998)
reverberatory furnace
Copper (secondary) smelter 5.0x10™ kg/mt processed n.a uUs U.S. EPA (1998)
Copper Smelter - furnace 0.24-0.52 kg/hr 0.87 um MMAD n.a. Bennett & Knapp (1989)
Copper Smelter - sinter below detection <0.10 um MMAD n.a Bennett & Knapp (1989)
Copper Smelter (secondary) 54-214 g/ton produced n.a. n.a. Pacyna (1986)
Iron Ore Recovery and 6 mt/year Coarse (2.5-10 um) Copper CIiff, Ontario  Chan & Lusis (1986)

Ni refinery
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Table 2-9 (cont’d). The Emissions of Lead from Non-L ead Metallurgical Processes

Particle Sizes
MMAD = Mass median
Metallurgical Plant Lead Emissions aerodynamic diameter L ocation Source
0.05-1.10 kg/mt produced
(no control device)
7.80x10™ kg/mt processed
(afterburner, venturi scrubber)
Iron foundry cupola 6.95x10-4-2.23x10-3 kg/mt n.a U.S. U.S. EPA (1998)
produced (baghouse)
Iron foundry —reverberatory 6.00x107-7.00x10kg/mt n.a U.S. U.S. EPA (1998)
furnace produced (no control device)
Iron foundry — electric induction ~ 4.45x107-5.00x10 kg/mt n.a U.S. U.S. EPA (1998)
furnace produced (no control device)
Iron foundry — casting 2.40x107 kg/mt processed n.a U.S. U.S. EPA (1998)
(afterburner, venturi scrubber)
Iron and Steel foundry 0.01-0.1% of PM emissions n.a n.a. Lee & Von Lehmden (1973)
Steel works - electric-arc 4.1-16.3 g/ton produced n.a n.a Pacyna (1986)
furnace
Zinc-Cadmium (primary) 1.2-25 kg/ton produced n.a. n.a Pacyna (1986)
Zinc Smelter - furnace 0.86-1.5 kg/hr 1.8-2.2 um MMAD n.a Bennett & Knapp (1989)
Zinc Smelter - sinter 3.6-6.0 kg/hr 0.9-2.1 pm MMAD n.a Bennett & Knapp (1989)

Source: Olmez et al. (1988), Lee and Von Lehmden (1973), Pacyna (1986), Chan and Lusis (1986), Barcan (2002), Bennett and Knapp (1989).
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can contain highly elevated levels of Pb, >3000 png/L, and can contaminate vast areas (Bridge,
2004; Kurkjian et al., 2004). Soil contamination from both active and abandoned mines can be a
significant source of airborne lead from fugitive or wind blown matter. Resuspension of
contaminated soil is addressed later in this chapter, and soil lead concentrations near mines are
discussed in Chapter 3.

Mining of materials other than Pb can also release Pb to the atmosphere. Zinc-copper
ores, for example, contain Pb in the range of 100-100,000 ppm (Lee and Von Lehmden, 1973),
and about 6.1% of all Pb in the United States is extracted from “zinc mines” (Dudka and
Adriano, 1997).

In an underground gold mine, high lead-particulate concentrations were associated with
blasting (Annegarn et al., 1988). These particles were primarily Pb oxides and submicron in
size. A source apportionment analysis on airborne PM in an underground gold mine found that
the significant sources of Pb were rock dust and diesel exhaust (McDonald et al., 2003).

Concentrations of airborne Pb inside the mine were measured at 0.21 pg/m’.

Sationary External Combustion: Coal Combustion

Coal is commonly burned as a fuel for utilities, industries, and commercial and
institutional facilities. Coal combustion can be a significant local source of Pb emissions as well
as a considerable regional source of airborne Pb.

Coal is pulverized, fluidized, or gasified before combustion. Generally, Pb impurities will
volatilize early in the combustion process although the precise rate of vaporization depends on
the distribution of Pb particles in the coal and the particle sizes (Lockwood and Yousif, 2000).
As Pb vapors cool they will condense, either forming individual particles or condensing on the
surface of ash particles (Lockwood and Yousif, 2000; Furimsky, 2000; Clarke, 1993; Pacyna,
1986). A high surface area to volume ratio makes fine ash particles better candidates for surface
sorption than coarse particles. Additionally, recondensed Pb particles tend to be fine, with an
average size of 0.2 um (Lockwood and Yousif, 2000). The fine fraction of PM from coal
combustion has an enrichment factor of approximately 22 (Lockwood and Yousif, 2000).

The primary contributor of Pb emissions from coal combustion is the Pb content of the
coal itself. Lead is present in all coal samples in varying amounts, depending on the location of

the coalfield and even the location of the coal sample within a coalfield. Generally, Pb is present
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in trace amounts in the form of PbS, but can also be present as pyrite and PbSe (Lockwood and
Yousif, 2000; Mukherjee and Srivastava, 2005). The rank of the coal — either bituminous,
subbituminous, or lignite — does not seem to correlate with the quantity of trace elements
(Mukherjee and Srivastava, 2005). The age of the coal also does not seem to impact the
concentration of Pb (Ghosh et al., 1987). The most important factors contributing to Pb content
of uncombusted coal seems to be local environmental conditions at the time the coal formed and
the relative proportions of organic and inorganic matter (Pacyna, 1986; Ghosh et al., 1987).
Globally, the concentrations of Pb in coal range between 2 and 80 ppm (Mukherjee and
Srivastava, 2005). Table 2-10 lists the range of Pb concentrations measured in four different

coal components.

Table 2-10. The Range of Lead Concentrationsin Coal Lithotypes

Coal Lithotype Range of Lead Concentrations (ppm)
Vitrain 0.30-16.17
Clarain 4.84-17.55
Durain 4.10-11.76
Fusain 3.64 —15.60

Source: Ghosh et al. (1987).

Coal is often combined with limestone to attenuate sulfur dioxide emissions. However,
limestone can contain trace elements and has been shown to increase emissions of Pb by four to
six times in a fluidized bed system compared to tests performed without a limestone addition
(Clarke, 1993). Other measurements performed on a fluidized bed system found that increasing
limestone increased particulate emissions of Pb but decreased gaseous emissions of Pb. The
overall emissions of Pb (gaseous + particulate) remained relatively constant (Furimsky, 2000).
Limestone had a negligible effect on pressurized fluidized bed systems although Pb emissions
from gasification systems may increase with limestone additions (Clarke, 1993).

Emissions from coal combustion depend a great deal on the process conditions at a given
facility. In addition to the type of boiler, conditions such as temperature, heating rate, exposure

time at elevated temperatures, and whether the environment is oxidizing or reducing can affect
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emissions (Pacyna, 1986). For Pb, changes in the temperature affect the size of particles, the
amount of Pb in the vaporized fraction, and the species of the emissions. At combustion
temperatures of 1800 K, about 0.1% of the total ash produced was vaporized (Lockwood and
Yousif, 2000). At 2800 K the vaporized fraction of the ash was increased to 20%. Additionally
the ratio of air to coal during combustion can have a major effect on emissions (Furimsky, 2000).
In a fluidized bed system, increasing the air to coal ratio from 1.0 to 1.10 decreased the gas to
solid ratio for Pb emissions from 1.5 to 0.18 (Furimsky, 2000).

Uncontrolled combustion of coal can occur — usually as natural, in-ground coal fires — and
such combustion can emit Pb (Finkelman, 2004). Although such fires may have local
importance, they are not discussed in detail here.

Controlled combustion is the norm for industries and utilities. The major pollution
control systems are electrostatic precipitators (ESP), wet scrubbers, and baghouses. In general,
pollution control systems are most effective at removing large particles and are least effective at
removing submicron particles. ESPs are highly efficient and can remove particulates with
>99.9% efficiency depending on particle size, ash resistivity, flue gas temperature, and moisture
content (Clarke, 1993). ESPs are used at more than 90% of coal-fired utility boilers in the
United States (Senior et al., 2000). Particles that escape EPSs are typically in the range of
0.1-1.0 pm in diameter (Senior et al., 2000). Wet scrubbers are also more than 99% efficient
(Pacyna, 1986). The majority of particles that escape are <2 pum in size (Pacyna, 1986).

Wet scrubbers are used less commonly than ESPs and baghouses (Senior et al., 2000).
Baghouses or fabric filters are frequently used by coal-fired utilities. As with ESPs and wet
scrubbers, the collection efficiency of baghouses is a function of particle size (Senior et al.
2000). Baghouses are >99% effective with mass emissions averaging <20 mg/m’ (Clarke,
1993).

Very little information is published regarding the actual quantity of Pb emitted from coal-
fired boilers. The EPA AP-42 program publishes emission factors for typical coal-fired boilers,
although using process data specific to a given facility is likely to be more accurate. Clarke
(1993) reports emissions from fluidized beds. Of the processes tested, the emissions of Pb were
highest from a 0.5 m bed with a limestone sorbent, second highest with a 1.0 m bed without a
limestone sorbent, and lowest with a 0.5 m bed without a limestone sorbent (Clarke, 1993).

Reducing the depth of the fluidized bed by 50% decreased the emissions of trace elements by
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~5 to 50% probably because deeper beds undergo attrition of ash (Clarke, 1993). Olmez et al.
(1988) report the Pb mass fractions of PM in a stack of a coal-fired power plant. For fine
particles, Pb constituted 0.04 + 0.004%. For coarse particles, Pb constituted 0.03 + 0.002%.
Coal combustion products that underwent long-range transport from the coal-fired power plants
of the Midwest contributed an estimated 0.05 pg/m’ to the ambient air in Boston (Thurston and
Spengler, 1985). Table 2-11 lists the emission factors for three different types of coal, in three
different types of power plants.

Table2-11. Emission Factorsof Lead for Coal Combustion in Three Different Fur naces.

Rank CycloneFurnace  Stoker Furnace Pulverized Furnace Source
Bituminous with control 8.5x10™ kg/J 128x107™" kg/J 5.5x10" kg/J Pacyna (1986)
device 2.10x10™ kg/mt 2.10x10™ kg/mt U.S. EPA (1998)
Bituminous without 2.18x10" kg/J 2.18x10" kg/J 2.18x10" kg/J U.S. EPA (1998)
control device

Subbituminous with 1.03x107™" kg/J 1.56x10™" kg/J 6.2x10™"* kg/J Pacyna (1986)
control device

Lignite with control 1.44x10™ kg/J 2.17x10 kg/J 92x10™" kg/J Pacyna (1986)
device

Pulverized coal 507 1b/10"* Btu U.S. EPA (2005)
Anthracite 4.45x107 kg/mt U.S. EPA (1998)

Source: Pacyna (1986), U.S. Environmental Protection Agency (1998, 2005).

The species of Pb emitted from coal depend on process conditions. PbSO4 was found to
be the dominant lead compound in flue gas up to 1150 K (Lockwood and Y ousif, 2000).
Above this temperature, elemental Pb and PbO, both in the vapor phase, dominate. As the
temperature increases, the equilibrium shifts toward elemental Pb (Lockwood and Yousif, 2000).
In pulverized coal combustion at 1800K, the lead species found in the gas phase were PbO,
elemental Pb, PbCl, and PbCl, (Furimksy, 2000). The solid phase was comprised of PbO,
PbO-Si0,, elemental Pb, and PbO, (Furimksy, 2000). As the flue gas cools, the composition of
lead changes. PbCl, increases and is the main constituent of the gas phase before condensation

occurs at 900K. If low rank low chlorine coal is used, then PbO and elemental Pb will dominate
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the gas phase. At 1500K, PbSO4 dominates the particulate phase; at 1800K PbO, was the
predominant lead compound in the particulate phase (Furimksy, 2000).

The emissions of lead from coal combustion in industrial, commercial, and residential
boilers are similar to the values listed above for utility boilers. Table 2-12 lists emission factors

for coal combustion.

Table2-12. The Emissions of Lead from Industrial, Commercial,
and Residential Coal Combustion

Coal-fired unit Emission factor (g/metric ton)
Industrial cyclone boiler 1.2
Industrial stoker boiler 7.7
Industrial pulverized coal boiler 4.5

Commercial/Residential boiler
(stoker or hand-fired) 2.7

Note: Data for industrial boilers assuming 10% ash fraction and 85% efficient control devices.

Source: Pacyna (1986).

Sationary External Combustion: Fuel Oil Combustion

Fuel oil combustion constitutes 15% of fossil fuel energy production in the United States.
(U.S. Environmental Protection Agency, 1998). As with coal, fuel oil is used to generate energy
for utilities, industries, and commercial and residential boilers. The discussion below focuses on
electric power utilities, which are the largest users of fuel oil.

Fuel oil is generally combusted in tangentially-fired or wall-fired boilers. Emissions of
Pb from oil combustion depend on the process conditions, the amount of Pb in the oil, and the
amount of sulfur in the oil (Pacyna, 1986) (see Table 2-13).

The Pb concentration in the oil is the most important factor for determining the eventual
emissions from combustion. The concentration of Pb in crude oil ranges between 0.001 to

0.31 ppm (Pacyna, 1986). The heavy fractions of crude oil tend to possess higher metal
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Table 2-13. Emission Factorsfor Oil-Fired Utility Boilers

Boiler Type Emission Factor Control Device
Residual oil-fired boiler, No. 6 oil, normal firing 4.33x10™"° kg/J none
Residual oil-fired boiler, No. 6 oil, normal firing 9.35x10™" kg/J Flue gas recirculation

5.43x107° = 1.22x10" kg/J

Residual oil-fired boiler, No. 6 oil, tangential firing 4.33x10™° kg/J none
Residual oil-fired boiler, No. 5 oil, normal firing 6.89x10°" kg/] none
Distillate oil grades 1 and 2 3.84x107" kg/J None
Oil-fired utilityboiler 2.6 Ib/trillion Btu PM control
Oil-fired utility boiler 9.0 Ib/trillion Btu PM/SO, control

Source: U.S. Environmental Protection Agency (1998).

concentrations, trending to larger concentrations metal concentrations with increasing weight.
Refining oil removes about 10% of metals (Pacyna, 1986).

As with coal, process conditions and the presence of pollution control devices greatly
affect the rate and characteristics of emissions from fuel oil combustion. Emissions from oil [
fired boilers depend on the efficiency of combustion and how much deposited material has built
up in the boiler (Pacyna, 1986). Additionally, poor mixing, low flame temperatures, and a short
residence time in the combustion zone cause overall particulate emissions to be greater and
individual particle sizes to be larger (Pacyna, 1986). Oil, which is typically atomized prior to
combustion, will emit larger particles and have a higher particulate loading when atomization is
done at low pressures. Conversely, high pressure atomization leads to smaller particles and
lower particulate loadings (Pacyna, 1986). In general, about 90% of PM mass is <2.5 um in
diameter (Olmez et al., 1988).

Emission factors published in the literature are limited. An average emission factor for
European oil-fired power plants was reported as 126 ug Pb/MJ for oil containing 1% sulfur
(Pacyna, 1986). Lead emissions are higher for oils with greater sulfur contents. Olmez et al.
(1988) report Pb mass fractions for two oil-fired power plants in Philadelphia. Lead was found
to be 1.0% £ 0.2% and 1.8% =+ 0.6% in the fine fraction in these two plants, respectively, and
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0.48% + 0.2% and 3% + 0.4% in the coarse fraction. Lead in PM at the Philadelphia plants was
enriched by more than a factor of 1000 compared to the Pb concentration in the fuel oil. Lead in
PM for seven other oil-fired power plants was enriched by more than a factor of 100 (Olmez

et al., 1988). A plant in Boston increased the ambient concentration of fine Pb aerosols by an
estimated 0.05 pg/m’ and the ambient concentration of coarse Pb acrosols by 0.003 pg/m’
(Thurston and Spengler, 1985).

The combustion of used oil is also common. About 75% of used oil, which is generated
in the transportation, construction, and industrial sectors, is burned as fuel oil (Boughton and
Horvath, 2004). The Pb concentration of used oils is markedly higher than that of low-sulfur
crude-based heavy fuel oils (Boughton and Horvath, 2004). Emissions from used oil combustion
are estimated at approximately 30 mg of Pb from the combustion of 1 L of used oil. This is 50 to
100 times higher than emissions from crude-derived fuel oils.

Emission rates for industrial boilers are similar to those of utility boilers. Industrial oil-
fired boilers are not usually equipped with pollution control devices. Approximately 6.4 g of Pb
are emitted for 1000 L of fuel oil burned with a sulfur content of 1% (Pacyna, 1986).

Commercial and residential boilers, which are also not typically equipped with pollution
control devices, have emissions of approximately 3.3 g of Pb emitted per 1000 L of fuel oil

(Pacyna, 1986).

Sationary External Combustion: Wood Combustion

Wood-fired boilers are used almost exclusively by industries that produce wood or wood
products. These include pulp and paper mills, lumber production facilities, and furniture
manufacturers (U.S. Environmental Protection Agency, 1998). The materials used as fuel may
include bark, slabs, logs, cuttings, shavings, pellets, and sawdust.

During combustion, elemental pollutants such as Pb are converted to their oxide forms.
These are hydrated and later carbonated under atmospheric conditions (Demirbas, 2003a).

As with coal and oil, the largest factor affecting emissions from wood combustion is the
concentration of Pb in the fuel. Lead concentrations tend to be very low for virgin wood. The
median Pb concentration in 24 pine and spruce samples was 0.069 ppm (Krook et al., 2004).

The concentrations of Pb in spruce, beech, oak, pine, and ailanthus are listed in Table 2-14.
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Table2-14. The Concentrationsof Lead in Biomass, Char, and Ash Samples
from Spruce, Beech, Oak, Pine, and of Ailanthus Trees

Wood Biomass (ppm) Char (ppm) Ash (ppm)
Spruce trunk wood 0.32° 2.5° 33.2%
Beech trunk wood 0.36" 2.6° 35.0°
Oak trunk wood 0.27° 2.1° 28.4°
Pine trunk wood n.a. n.a. 34.9°
Ailanthus trunk wood n.a. n.a. 32.7°
Spruce bark 0.38° 3.1° 5.2% 36.2°
Beech bark 0.43* 3.3° 3.8%40.8°
Oak bark 0.31° 2.5° 4.0, 34.0°
Pine bark n.a. n.a. 38.7°
Ailanthus bark n.a. n.a. 35.7°

*Source: Demirbas (2003a).
®Source: Demirbas (2003b).

Waste wood recovered from construction and demolition sites is increasingly used as fuel.
Although most of this wood is untreated, some can have elevated levels of metals from surface
treatment of the wood or industrial preservatives (Krook et al., 2004). Additionally, waste wood
commonly contains contaminants such as metal pieces, concrete, stone, gravel, glass, and soil,
which may increase metal emissions during combustion. Lead has been measured in waste wood
at levels ~40 times higher than levels found in virgin wood. The median concentration of Pb in
recovered waste wood in Sweden was 33 ppm (Krook et al., 2004). Lead in recovered waste
wood from Germany and the Netherlands had a median value of 110 ppm.

Emissions of metals from wood are affected by process conditions. Good air-fuel mixing
and high furnace temperatures keep emissions low (Demirbas, 2003a). Additionally emissions
depend on whether or not the wood was combined with other fuels, the feed rate, the physical
state of the wood, the stack temperature, the geometry of the boiler which can act as an inertial
particulate collector, the draft setting, and the amount of moisture in the fuel (Demirbas, 2003a;

Fels et al., 1990; Pacyna, 1986).
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Pollution control devices may be present with large-scale wood-fired boilers. These can
greatly reduce particulate emissions. However, in a wood-burner installation in Ontario, a
cyclone was found to have an efficiency of just 53% for total PM mass (Fels et al., 1990). For
particles <2 um in diameter, the concentrations downstream of the cyclone were actually greater
than those upstream, probably indicating that larger particles were breaking apart during passage
through the cyclone. The emissions of Pb from wood combustion are highly variable. The
emission factor for wet fuel at a large-scale wood burner was 0.0006 g Pb/kg fuel (Fels et al.,
1990). For dry fuel, emission factors were in the range <0.00035 to 0.0014 g Pb/kg fuel burned
with an average of 0.00056 g Pb/kg fuel (Fels et al., 1990). Emissions from a wood stove and a
fireplace are estimated as 0.007 g Pb and 0.0047 g Pb per kg of wood burned, respectively
(Pacyna, 1986). The recently updated AP-42 emission factor for lead from wood residue
combustion in boilers is 4.8x10-5 Ib/MMBtu (U.S. Environmental Protection Agency, 2005).

Emissions from the combustion of waste wood are higher than emissions from
combustion of virgin wood. Although emission factors are not available, the concentration of Pb
in ash from waste wood combustion is elevated above that from the combustion of virgin wood
(Krook et al., 2004).

Data on particle sizes and species of emitted aerosols from wood combustion are not

readily available.

Sationary Combustion Sources. Solid Waste Incineration

Incineration of municipal waste is on the decline in the United States. Historically it has
been an important source of Pb emissions and locally it is still a concern in some places (Walsh
et al., 2001). In New York City in the late 1960s, emissions from refuse incineration were
between 602 and 827 tons per year, an appreciable fraction of the emissions from cars, which
totaled ~1752 metric tons in the same area (Walsh et al., 2001).

Incinerator residue is partitioned into bottom ash, fly ash, and flue gas. Here we focus on
Pb in flue gas, due to its importance in increasing airborne Pb concentrations (Chang et al.,
1999). Lead in incinerator effluents is derived primarily from the noncombustible materials that
end up in refuse (Pacyna, 1986). These incinerators may be equipped with pollution control
devices such as cyclones, baghouses, ESPs, electrified gravel beds, and venturi scrubbers (U.S.

Environmental Protection Agency, 1998).
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Factors that affect the quantity of Pb emitted from incinerators include combustion
temperature, the amount of Pb in the refuse, process conditions, moisture content, the addition of
reactive species such as calcium, magnesium, and aluminum, and the addition of sorbents. Of all
these factors, temperature seems to have the greatest impact on metal volatility (Chen and Yang,
1998). Metal volatilization is fast during the initial stages of combustion but levels off after
about 15 minutes (Ho et al., 1993; Chen and Yang, 1998). When plastics only were burned, Pb
volatility was at 18% at 600 °C, 61% at 800 °C, and 91% at 1000 °C (Chen and Yang, 1998).
Figure 2-4 shows the percent volatility for Pb at four different combustion temperatures over
25 minutes of combustion time. Chang et al. (1999) derived the following relationship for Pb

emissions from a fixed bed refuse incinerator in Taiwan:

In E(Wt%) =—3.083T"* + 3.659 (2-4)

where E is the weight percent of Pb in particulate emissions, and T is the combustion
temperature in Kelvin.

The amount of Pb emitted is dependent on the quantity of Pb in refuse. Typical sources of
Pb include paper, inks, batteries, cans and other metal scrap, and plastics. Plastics are the most
important source of Pb in municipal solid waste since lead is used in plastic dyes and stabilizers,
and plastics constitute a large portion of the waste stream (U.S. Environmental Protection
Agency, 1998; Wagner and Carabello, 1997). For United States municipal solid waste, Pb
concentrations vary between 110 and 1500 ppm with an average of about 330 ppm (Durlak et al.,
1997). Since other countries have very different waste compositions, Pb concentrations
elsewhere can vary greatly.

Additionally, process conditions can affect Pb emissions. Increasing the amount of
oxygen accelerates the rate of metal volatilization but does not seem to affect the overall amount
of metal volatilized (Ho et al., 1993). Similarly, Chen and Yang (1998) observed that changing
the N,:O; ratio from 4:1 to 1:4 increased Pb volatility. An increase in the gas velocity can also
increase Pb emissions although this is a relatively minor effect (Chang et al., 1999; Chen and

Yang, 1998).
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Figure 2-4. Percentage volatility of Pb during combustion of plastics at four temperatures.

Source: Chen and Yang (1998).

The moisture content in an incinerator can affect the behavior of Pb. At a typical
temperature of 950 °C, decreasing the moisture level from 37% to 5% increased Pb in the fly ash
from 54% to 58% (Durlak et al., 1997). Similarly, decreasing the relative humidity from 60% to
40% at 900 °C increased the Pb volatility from 67% to 76%, respectively (Chen and Yang,
1998). In addition to these direct effects, moisture can indirectly affect emissions by altering the
combustion temperature (Durlak et al., 1997).

Additives can reduce metal emissions from incinerators. Additives such as calcium,
magnesium, and aluminum react with metals and bind them. This has been shown to reduce the
formation of metal particulates. Adding AI(NOs);, for example, reduced quantities of PbCl,
emitted (Ho et al., 1993). The addition of Ca(OH), did not affect volatility at 600 °C (lower

May 2006 2-37 DRAFT-DO NOT QUOTE OR CITE



O© 0 9 O N b~ W N =

W W N NN NN N NN NN e e e e e e e e
—_— O O 0 NN N R WD = DO O 0NN RV N = O

limit for combustion temperature) or at 1000 °C (upper limit for combustion temperature)
(Chen and Yang, 1998). However, Ca(OH), did appreciably limit Pb emissions at intermediate
temperatures.

Sorbents can also reduce metal emissions. Sorbents function by binding metal vapors
through heterogeneous chemical absorption and/or condensation before vaporized metals are
able to form particulates (Ho et al., 1993). In a fluidized bed incinerator, the efficiency of metal
capture with sorbents varied between 4.9% and 94.5% (Ho et al., 1993). The efficiency was
dependent on temperature. Low efficiencies were observed at high and low temperatures; the
optimal efficiency was observed in the intermediate range of ~600 to 800 °C. Limestone was
shown to be a more effective sorbent than sand.

Emissions from refuse incinerators have been reported as 0.018 g of Pb emitted per kg of
refuse, assuming a control device with 85% efficiency (Pacyna, 1986). A source apportionment
study showed that refuse incineration increased the ambient concentration of Pb by an estimated
0.008 pg/m’ (Thurston and Spengler, 1985). This was observed after incinerators had been
banned in the area probably indicating prohibited, residential refuse combustion. Lead in PM
emissions has been reported to be between 6.9% and 8.9%, with an average of 8.1% (Pacyna,
1986). Three United States incinerators had emissions in which Pb constituted 8.2 + 1.6% of the
PM (Olmez et al., 1988).

Chlorine plays a critical role in determining the speciation of Pb emissions. Lead in the
incineration system exists primarily as chlorine species (either PbCl or PbCl,) (Durlak et al.,
1997). However an increase in moisture content decreases the levels of free chlorine, which has
the subsequent effect of shifting Pb from gaseous PbCl, to PbO in particulate form. PbCly is
completely volatilized at 430 °C (Chen and Yang, 1998; Chang et al., 1999). Above 800 °C
PbCl; slowly decomposes and PbO(,) and PbCl,,) are present in greater concentrations.

The presence of sodium can also affect speciation. Sodium has a greater affinity for
binding with chlorine than Pb (Durlak et al., 1997). Thus increasing the sodium content
effectively shifts the dominant Pb compound from PbCl, to PbO. Decreasing the sodium content
from 6560 ppm to 4500 ppm (the average value observed in municipal solid waste) was
responsible for increasing Pb in the fly ash from 35% to 60% at average moisture levels (Durlak
et al., 1997). High concentrations of sodium attenuate the influence of moisture on Pb

emissions.
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Lead emissions tend to concentrate in the submicron size range (Chang et al., 1999;
Olmez et al., 1988). Lead in the fine fraction was enriched by a factor of more than 10° at
several United States incinerators compared with the concentration of Pb in the solid waste

(Olmez et al., 1988). Lead in the coarse fraction was enriched by a factor of more than 1000.

Sationary Combustion Sources. Sewage Sudge Combustion

Sewage sludge incinerators exist at approximately 200 sites in the United States (U.S.
Environmental Protection Agency, 1998). Lead can enter the sewage waste stream through car
washes, galvanized material, pipe erosion, pigments, food, processed chemicals, and roofs
(Krook et al., 2004). As in other combustion processes, Pb impurities vaporize during
incineration and then condense.

The Pb content of dry sludge varies between 80 and 26,000 ppm, with an average of
1,940 ppm (Pacyna, 1986). Sludge taken from an industrial wastewater treatment plant in
Taiwan had Pb levels of 1,500 ppm (Chang et al., 1999). Prior to combustion, Pb is either bound
to organic matter in sludge or is present as a carbonate (Lockwood and Yousif, 2000).

In sewage sludge incinerators, higher temperatures are associated with higher Pb
emissions (Pacyna, 1986). Additionally, sewage sludge incinerators tend to be equipped with
venturi scrubbers with efficiencies of 90 to 99% (Pacyna, 1986). Other pollution control devices
are less common.

Sorbents can be effective pollution controls. Kaolinite, in particular, was shown to reduce
Pb emissions significantly (Lockwood and Yousif, 2000).

Emissions have been estimated as 0.14 g Pb emitted per kg of sludge combusted (Pacyna,
1986). The fine fraction of particulate emissions in an experimental setup was enriched with Pb

by a factor of 2.5 (Lockwood and Yousif, 2000).

Sationary Combustion Sources: Scrap Tire Combustion

Waste tires are increasingly used as a fuel although uncontrolled burning as a result of
accidents or illegal activity is common (U.S. Environmental Protection Agency, 1998). One
analysis showed that uncontrolled combustion resulted in Pb emissions on the order of 0.47 mg
Pb/kg tire for tires that had been cut into four to six pieces (Lemieux and Ryan, 1993).

Emissions were lower for shredded tires, at 0.10 mg Pb/kg tire, probably because of greater
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oxygen transport between tire pieces. Another analysis detected trace amounts of Pb in the
smoke from the combustion of tire bodies but did not detect Pb emissions when the tread was

burned (Wagner and Caraballo, 1997).

Lead-acid Battery Manufacturing

Lead-acid batteries constituted 84% of Pb consumed in 2003 (USGS, 2003). Lead-acid
batteries are manufactured from Pb alloy ingots and Pb oxide. Lead alloy ingots are produced by
smelters, the emissions of which are characterized earlier in this chapter. Lead oxide is either
produced on-site or is outsourced (U.S. Environmental Protection Agency, 1998).

Lead-acid battery manufacture consists of the following processes: grid casting or
stamping, paste mixing, plate stacking, plate burning, and assembly into the battery case (U.S.
Environmental Protection Agency, 1998). Each process has its own characteristic emissions of
Pb. Emissions from Pb oxide manufacture tend also to be in the form of Pb oxides. These
emissions are usually attenuated through a baghouse. The sites of other processes are usually
equipped with baghouses or impingement wet scrubbers (U.S. Environmental Protection

Agency, 1998).

Cement Manufacturing

The manufacture of Portland cement emits relatively low quantities of Pb. Trace amounts
of Pb are present in the raw materials of calcium, silicon, aluminum, and iron (U.S.
Environmental Protection Agency, 1998). As the raw materials are thermo-treated, most of the
Pb is trapped in the resulting clinker, although some is released as PM (U.S. Environmental
Protection Agency, 1998). Additionally, emissions result from the combustion of the coal,
natural gas, or waste tires used to fire the kiln (Pacyna, 1986; U.S. Environmental Protection
Agency, 1998).

Emissions are reduced significantly through the use of pollution control devices. ESPs
and baghouses are both common although baghouses tend to be more effective. Lead is present
in the emitted PM in the range of 100 to 1000 ppm (Lee and Von Lehmden, 1973). Emission

factors for cement production are listed in Table 2-15.
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Table 2-15. Emission Factorsof Lead From Processes Used in
Cement Manufacture by Control Device.

Pollution Control Device

Process M ulti-cyclones ESP Baghouse

Dry Process (total) 16.0 4.0 0.16
Kiln/cooler 12.0 3.0 0.12
Dryer/grinder 4.0 1.0 0.04

Wet Process (total) 12.0 3.0 0.12
Kiln/cooler 10.0 2.5 0.10
Dryer/grinder 2.0 0.5 0.02

Note: Units are g Pb/metric ton cement.

Source: Pacyna (1986).

Glass Manufacturing

The production of leaded glass emits significant quantities of Pb. Its uses primarily
include Pb crystal, cathode ray tubes for televisions, and optical glasses such as binoculars,
microscopes, and telescopes (U.S. Environmental Protection Agency, 1998). Leaded glass is
composed of silica sand and Pb oxide. Lead oxide concentrations in U.S.-produced leaded glass
typically range between 12% and 60% but can be as high as 92% (U.S. Environmental Protection
Agency, 1998).

The basic process of glass manufacturing includes blending the raw materials, melting,
and forming and finishing. Lead emissions can occur during all of these processes. During
blending, forming, and finishing, Pb is emitted as part of fugitive dust emissions in minor
quantities (Shapilova and Alimova, 2000; U.S. Environmental Protection Agency, 1998).

The major source of Pb emissions derives from the melting process. Emissions from
melting depend mostly on the amount of Pb oxide in the raw material (Shapilova and Alimova,
2000; U.S. Environmental Protection Agency, 1998). Other factors are the type and efficiency of
the furnace, the waste-gas volume, the smoke-flue length, and the efficiency of pollution control
devices (Shapilova and Alimova, 2000). Electric furnaces emit significantly less Pb than gas!(]

flame furnaces. One analysis found that the rate of Pb emissions from a gas-flame regenerative
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furnace was more than seven times higher than the rate of emissions from a deep tank electric
furnace (Shapilova and Alimova, 2000). Baghouses are the most efficient pollution control
device for glass manufacturing operations (U.S. Environmental Protection Agency, 1998).

Wet scrubbers are relatively ineffective, and ESPs are between 80% and 90% effective (U.S.
Environmental Protection Agency, 1998). Rates of Pb emissions from several types of furnaces

are listed in Table 2-16.

Table 2-16. Rate of Lead Compound Emissions from Glass-M elting Fur naces

Lead Compound

Equipment Product Emissions g/sec)

Electric tank furnace with gas-heated

) a Glass with 16% PbO 0.134
working zone

Electric tank furnace with gas-heated
working zone
Gas-flame potter furnace® Glass with 16% PbO 0.004

Slag-lining electric furnace with gas-
heated working zone

Glass with 16% PbO 0.002

Glass with 64.5% PbO 0.004

*Fitted with a “cassette pulse filter” designed specifically to capture particulate emissions from small-sized,
glass-melting furnaces.

Source: Shapilova and Alimova (2000).

Ammunition Production and Shooting Ranges

In 2003, 48,800 metric tons of Pb were consumed in the United States for the production
of ammunition (USGS, 2003). Additionally, some Pb is used to produce Pb azide or Pb
styphnate, which is a detonating agent. Small arms manufacturing plants are likely emitters of
Pb although the actual quantity is unknown.

Shooting ranges, both outdoor and indoor, may have a local impact on airborne Pb
concentrations. Lead is emitted from cast Pb bullets and lead-based primers (Gulson et al.,
2002). The propellants contain <2 ppm lead and seem to have a negligible effect on air
concentrations. A 97% reduction in the air Pb concentrations was observed when Cu-jacketed

bullets replaced cast Pb bullets (Gulson et al., 2002). In comparing the Pb exposure of
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personnel, there seems to be little difference between indoor and outdoor firing ranges (Gulson
et al., 2002). One study found that soil Pb concentrations at an outdoor firing range were
elevated by up to 2600 times background concentrations, indicating significant atmospheric
deposition (DeShields et al., 1998).

An additional source of Pb emissions may be explosive ordnance disposal (EOD) (U.S.
Environmental Protection Agency, 1998). Emissions from EOD are either from the combustion
or detonation of the propellant and primer material or from nonenergetic wastes such as
containers and other wastes associated with the propellant (U.S. Environmental Protection

Agency, 1998).

Demolition

A study of Pb dust-fall during the demolition and debris removal of urban row houses
found that Pb was released in very large quantities (Farfel et al., 2003). Many of the row houses
demolished at three sites in Baltimore, MD contained lead-based paint in addition to being near
sites with elevated levels of Pb in street dust (~700 ppm), sidewalk dust (~2000 ppm), and
residential entryway mat dust (~750 ppm). The results of the study showed that dust fall within
10 m of the demolition sites was much higher than baseline measurements and was highly
enriched with Pb (Farfel et al., 2003). The geometric mean Pb dust fall rate increased to 410 pg
Pb/m?/hr during demolition and to 61 pg Pb/m%/hr during debris removal. The baseline rate is
just 10 pg Pb/m*/hr. The Pb concentration in dust fall was 2600 ppm during demolition,
1500 ppm during debris removal, and 950 ppm at baseline (Farfel et al., 2003). Thus, demolition

and debris removal can be a major source of airborne lead under some conditions.

Other Sationary Sources of Lead Emissions

There are additional stationary sources of Pb emissions that have not been mentioned
above. Each of these sources are relatively small, but may be an important local source.
Previously unmentioned Pb sources include: medical waste incineration, hazardous waste
incineration, drum and barrel reclamation, crematories, pulp and paper mills, pigment
production, Pb cable coating production, frit manufacturing, ceramics and glaze production, type

metal production, pipe and sheet Pb production, abrasive grain processing, solder manufacturing,
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electroplating, resin stabilizer production, asphalt concrete production, paint application, and

rubber production.

2.2.4 Mobile Sources
Automotive Sources of Lead Emissions

Lead is used to manufacture many components in on-road vehicles including the battery,
bearings, paint primers, corrosion-resistant gas tanks, and some plastic and ceramic electrical
components (U.S. Environmental Protection Agency, 1998). The major sources of Pb

emissions—fuel combustion and vehicle wear—are considered below.

Emissions from Combustion of Unleaded Gasoline

Although its phase out began in 1975, Pb was still added to gasoline in the United States
as an anti-knock additive at the time of the last Criteria Document (U.S. Environmental
Protection Agency, 1986). The United States completed its phase out of Pb additives in 1990,
and airborne concentrations have fallen dramatically nationwide. This is considered one of the
great successes for public and environmental health (Nriagu, 1990). Airborne concentrations in
the United States fell an average of 94% between 1983 and 2002 and 57% between 1993 and
2002 (U.S. Environmental Protection Agency, 2003).

Most countries have made a similar move away from leaded fuel, but a few continue the
practice of adding tetraethyl Pb to automotive gasoline. Worldwide Pb consumption for gasoline
peaked in the 1970s at just under 400,000 metric tons, but by 1993, this value fell to about
70,000 metric tons (Socolow and Thomas, 1997). Leaded gasoline was the largest source of air
emissions throughout the 1970s and 1980s (Socolow and Thomas, 1997). In Pakistan, a country
that continues to use leaded fuel, the airborne concentrations in the urban center of Karachi range
between 2.0 and 19 pg Pb/m’ (Parekh et al., 2002). This is 2 to 3 orders of magnitude higher
than typical urban concentrations in the United States.

In the absence of tetraethyl Pb additives, Pb is emitted from automobiles as a trace
element in PM. Metals enter the vehicle in trace amounts, naturally occurring in gasoline.

The amount of PM that is emitted from the car depends on a number of variables including the

ambient temperature, the cruising speed, the amount of stop-and-go activity, the type of catalyst,
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the fuel quality, the phase of driving, and the age, size, maintenance level, and engine type of the
vehicle.

The amount of Pb that naturally occurs in gasoline is approximately 0.00005 g/L (Harris
and Davidson, 2005). An estimated 30 to 40% of this Pb deposits in the engine and exhaust
system; the balance is emitted (Huntzicker et al., 1975; Loranger and Zayed, 1994).

Particulate matter emissions have been shown to be higher in older vehicles than in newer
vehicles (Gillies et al., 2001; Cadle et al., 1999). Gillies et al. (2001) compared emission factors
from several studies, and found that emission factors from car models between the years 1964
and 1983 had emission factors for PM that were about an order of magnitude higher than models
from the 1990s. This was true even of catalyst-equipped vehicles. Similarly, Cadle et al. (1999)
tested 195 cars with model years between 1971 and 1996. Their results, which are listed in

Table 2-17, show an increase in emission rates with automobile age.

Table 2-17. Emission Factorsof Lead for Automobileswith Model Years
Between 1971 and 1996

Emission Factorsin mg/mile

Vehicle Category

Summer Winter
1991-1996 0.003 0.019
1986-1990 0.027 0.019
1981-1985 0.006 0.103
1971-1980 0.043 0.222
Smokers 0.035 0.282
Diesel 0.15 0.142

Note: “Diesel” denotes diesel automobiles, “Smokers” denotes automobiles with visible emissions.

Source: Cadle et al. (1999).

Vehicles that have visible tailpipe emissions are known as “smokers.” The emissions of
almost all pollutants are elevated from smoking vehicles compared to their non-smoking
counterparts. Emission rates of Pb from smokers are an order of magnitude higher than typical
cars manufactured in the 1990s, as shown in Table 2-17. Interestingly, another study found that

smoking and other high-emitting vehicles emitted more Pb after undergoing repair than before
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(Cadle et al., 1997). The emission rate of Pb before repair had an average value of 0.029 mg/mi
with a standard deviation of 0.047 mg/mi. After repair, the emission rate for Pb increased to
0.161 mg/mi with a standard deviation of 0.346 mg/mi. The authors explain this surprising result
by suggesting that either changes in combustion conditions caused elemental deposits from the
engine and exhaust system to be released, or PM deposited during repair and testing was not
removed before emissions testing (Cadle et al., 1997).

Table 2-17 also shows the effect of the ambient temperature on emission rates of Pb.
Emissions tend to be higher during cold months than during warm months (Cadle et al., 1999).

The rate of emissions is largely dependent on the phase of driving. The Federal Test
Procedure analyzes three phases: cold start, hot stabilized, and hot start, the results of which are
shown in Table 2-18. Driving cycles that are not included are the highway fuel economy test,
and a high speed, high load cycle known as US06 (Cadle et al., 1999). Emissions were
significantly higher during cold start than during the hot stabilized and hot start phases.

Table 2-18. Emission Factorsof Lead for Automobileswith Model Years
Between 1971 and 1996

Summer Emission Factorsin mg/mile

Venicle Category Cold Start Hot Stabilized Hot Start
1991-1996 0.005 0.002 0.002
1986-1990 0.041 0.020 0.031
1981-1985 0.016 0.002 0.006
1971-1980 0.112 0.015 0.044
Smokers 0.116 0.010 0.031
Diesel 0.190 0.048 0.313

Source: Cadle et al. (1999).

Despite the large variability in Pb emissions, several studies describe average on-road
emission factors for a typical fleet. Sternbeck et al. (2002) measured metal concentrations
in two tunnels in Gothenburg, Sweden. The emission factors subsequently derived were

0.036 + 0.0077 mg/km per vehicle and 0.035 + 0.014 mg/km per vehicle for the two tunnels,
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respectively. Another tunnel study was performed on a fleet comprised of 97.4% light-duty
vehicles and 2.6% heavy-duty vehicles in the Sepulveda Tunnel in California (Gillies et al.,
2001). The emission factors for Pb were 0.08 mg/km per vehicle and 0.03 mg/km per vehicle in
the PM o and PM 5 fractions respectively. Lough et al. (2005) analyzed emissions from on-road
vehicles in two tunnels in Milwaukee, Wisconsin. Trucks constituted between 1.5% and 9.4% of
the vehicles, with the balance comprised of passenger cars. Lead emission rates were on the
order of 0.01 mg/km per vehicle and 0.1 mg/km per vehicle in the summer and winter
respectively. Cadle et al. (1999) analyzed 195 in-use, light-duty vehicles using two
dynamometers. Their results are shown in Tables 2-17 and 2-18. A test on noncatalyst[]
equipped, light-duty vehicles found that Pb constituted about 0.03% of the fine particle mass
emitted from these vehicles (Kleeman et al., 2000).

Vehicle-derived Pb seems to have a bimodal size distribution. The submicron mode is
likely the product of combustion or high temperatures, and therefore probably came from the
tailpipe (Lough et al., 2005; Harrison et al., 2003; Abu-Allaban et al., 2003). The coarse mode,
with an approximate size range of 1.0 to 18 um in diameter, is likely a product of physical
processes such as road dust resuspension and tire or brake wear (Lough et al., 2005; Abu-
Allaban et al., 2003). More than 80% of the airborne Pb particles near a roadway were <PM, s
(Harrison et al., 2003).

Emissions from Combustion of Diesel Fuel

In on-road studies of a typical fleet, as in tunnel studies, the relative contributions of
diesel fuel and gasoline are difficult to separate. Emissions of PM from diesel vehicles are
highly dependent on the mode of operation (Shah et al., 2004). Emission rates are much higher
in simulated congested traffic situations than at cruise or highway speed conditions (Shah et al.,
2004). Extensive profiles of diesel emissions were developed by Lowenthal et al. (1994). Their
results for Pb are summarized in Table 2-19.

Particulate matter from diesel vehicles tends to be smaller than PM, 5 (Gillies et al., 2001;
Kleeman et al., 2000). The peak of the particle mass distribution appears to be around 0.1 pm
(Kleeman et al., 2000). Although no data were available specifically for Pb, such small particle

sizes would be consistent with expectations from high-temperature processes.
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Table2-19. The Concentration of Lead in Particulate Matter Emissions and Emissions
Factorsfor Lead from Buses and Trucks Fueled with Diesal No. 2 and Jet A Fud

Concentration of Uncertainty Emission Factor Uncertainty
Fuel and Vehicle Type Pbin PM (%) (%) (mg/km) (mg/km)
Truck, Diesel No. 2 0.0007 0.0028 0.0053 0.0187
Truck and Bus, Diesel 0.0006 0.0025 0.0045 0.0188
No. 2
Truck and Bus, Jet A 0.0010 0.0055 0.0050 0.0214
Bus, Jet A and Diesel No. 2 0.0009 0.0052 0.0016 0.0100
with particulate trap
gz;’ Jet A with particulate 0.0028 0.0132 0.0018 0.0085
Phoenix PM,, study 0.0147 0.0294 n.a. n.a.

The results of Chow et al. (1991) on heavy-duty particulate emissions in Phoenix are listed in the last row
for comparison.

Source: Lowenthal et al. (1994).

Emissions from Vehicle Wear

Vehicle wear and loss of Pb wheel weights are considered as sources of roadside Pb
contamination. Brake wear, in particular may emit significant quantities of Pb in PM. Harrison
et al. (2003) note that Pb is poorly correlated with emissions of NOy, which is emitted from
tailpipes. These authors therefore suggest that brake wear contributes the additional quantities of
Pb observed in ambient air. Sternbeck et al. (2002) compare emission factors derived in other
studies. Estimates of Pb emissions from brake pads in Sweden were just under 200 pg/km per
vehicle (Sternbeck et al., 2002). This is an order of magnitude higher than the tailpipe emissions
measured by Cadle et al. (1999).

Up to 35% of brake pad mass loss is emitted as airborne PM (Garg et al., 2000). One
study that analyzed particulate emissions from seven different brake pad formulations found that
only one type of brake pad described as “potassium titanate, aramid, and copper fiber” emitted
PM with a measurable Pb fraction (Garg et al., 2000).

A joint study in Reno, NV and Durham/Research Triangle Park, NC found that the

dominant contributors to roadside PM were resuspended road dust and tailpipe emissions (Abu-
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Allaban et al., 2003). However, brake wear was a significant source of PM in places where
strong braking occurred, such as at freeway exits (Abu-Allaban et al., 2003).

Particulate matter emissions from brake pads were primarily in the fine fraction. Eighty-
six percent and 63% of airborne PM was smaller than 10 and 2.5 pm, respectively (Garg et al.,
2000). It is expected that Pb particles from mechanical processes such as brake wear would be in
the coarse fraction. However, smaller particles may be observed if Pb is vaporized from hot
brake surfaces (Harrison et al., 2003; Lough et al., 2005).

Lead weights used to balance vehicle wheels may be an additional source of elevated
roadside concentrations of Pb. In Albuquerque, NM deposition of Pb wheel weights was
estimated to be between 50 and 70 kg/km per year (Root, 2000). Wheel weights are 95% Pb, 5%
antimony, and typically weigh between 7 and 113 grams. These wheel weights can become
dislodged during quick stops. Although deposited pieces of wheel weights are quite large, Pb is
very malleable and can be worn away into respirable particles by being run over by vehicles

(Root, 2000).

Emissions from Racing Vehicles

Vehicles used in racing (including cars, trucks, and boats) are not regulated by the EPA
according to the Clean Air Act and can therefore use alkyl-lead additives to boost octane. Data
on Pb levels in racing fuel and rates of Pb emissions are scarce. The U.S. Department of Energy
stopped tracking information on the production of leaded gasoline for non-aviation use in 1990
(U.S. Environmental Protection Agency, 2002). However, the National Motor Sports Council
reports that approximately 100,000 gallons of leaded gasoline were used by National Association
for Stock Car Automobile Racing (NASCAR) vehicles in 1998 (U.S. Environmental Protection
Agency, 2002).

As was the case with on-road emissions during the time of universal leaded gasoline use,
the combustion of racing fuel likely elevates airborne Pb concentrations in the nearby area. This
may pose some health risk for some subpopulations, such as residents living in the vicinity of
racetracks, fuel attendants, racing crew and staff, and spectators. However, EPA has formed a
voluntary partnership with NASCAR with the goal of permanently removing alkyl-Pb from

racing fuels used in the Busch, Winston Cup, and Craftsman Truck Series (U.S. Environmental
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Protection Agency, 2002). In January of 2006, NASCAR agreed to switch to unleaded fuel in its
racecars and trucks beginning in 2008.

In addition to racing vehicles and piston engine aircraft, legally permitted uses of leaded
fuel include construction machinery, agricultural equipment, logging equipment, industrial and
light commercial equipment, airport service equipment, lawn and garden equipment, and
recreation equipment including boats, AT Vs, jet skis, snowmobiles, etc., (U.S. Environmental
Protection Agency, 2000). Given the relative unavailability of leaded fuel, it is unlikely that it is
commonly used for any of these purposes other than racing vehicles.

Emissions from the combustion of leaded fuel are generally in the form of submicron

particles of inorganic Pb halides.

Aircraft

Piston-engine aircraft use leaded fuel. Aviation fuel or avgas contains between 0.1 and
1.0 g of tetraethyllead additives per liter. About 32.7% of general aviation aircraft use avgas, the
remainder use jet fuel, which does not contain Pb additives (U.S. FAA, 1996). The overall
fraction of aviation fuel containing Pb additives is unknown.

In the South Coast Air Basin of California, emissions of Pb from general aviation aircraft
was estimated as 634 + 110 kg/year (Harris and Davidson, 2005). This corresponds to
0.54 grams of Pb released per flight. Approximately 267 kg of the total was emitted below the
mixing height in 2001, which could be a local source of Pb exposure.

Commercial jet aircraft do not use leaded fuel. However, they are also likely sources of
Pb emissions. In-flight sampling of contrails from a DC-8 and a 757 showed that metals
constituted more than 11% and 5.2% of PM, respectively (Twohy and Gandrud, 1998). This is a
lower limit for the fraction of metals in emissions since almost half of the particles in contrails
are from the ambient air (Twohy and Gandrud, 1998).

No known estimates have been made of the quantity of Pb in commercial aircraft
emissions. However, the dominant metals seem to be Fe, Cr, and Ni (Kércher, 1999). These are
the primary components of stainless steel and indicate that engine erosion is a significant source

of metal emissions (Kércher, 1999).
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Metal particles in contrails have two modes. One is submicron with an average diameter
of about 0.36 um (Kércher, 1999; Twohy and Gandrud, 1998). The larger mode is ~1 pm in

diameter and has a morphology that suggests mechanical generation (Kércher, 1999).

Lawn-Care Equipment

A life cycle assessment used to compare gasoline-, electricity-, and battery-powered lawn
mowers found that electricity-powered mowers had the fewest overall emissions over its lifetime
(Sivaraman and Lindner, 2004).

Battery powered mowers are fitted with a lead-acid battery. The total amount of Pb
released to the environment from the battery over its lifetime is approximately 0.052 kg Pb
which includes consideration of raw material extraction and refining, energy production, Pb
mining and refining, battery manufacture, and battery recycling (Sivaraman and Lindner, 2004).

Electricity-powered lawn mowers presumably emit less PM and Pb than gasoline-
powered mowers. This is a reasonable assumption since utility generation plants tend to be fitted
with pollution control devices and internal combustion engines of gasoline-powered mowers

do not.

Other Sources of Lead Emissions

Lead emissions are associated with the combustion of any fossil fuel. Thus, any of the
following may be additional mobile sources of Pb emissions that are not addressed above:
construction equipment, off-road recreational vehicles, generators, marine vessels, locomotives,
agricultural equipment, logging equipment, and lawn and garden equipment. However, detailed
data on these sources are not readily available.

Additionally, the resuspension of lead-contaminated soil and dust is a major source of
airborne lead. Since fugitive dust emissions are not considered a primary source of airborne lead
a discussion of resuspended soil particles is omitted here and covered in Section 2.3.3 as a mode

of transport for lead particles through the environment.
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2.3 TRANSPORT WITHIN THE ENVIRONMENT

2.3.1 Atmospheric Transport of Lead Particles
Atmospheric Dispersion

The atmosphere is the major environmental transport pathway for anthropogenic lead
(Reuer and Weiss, 2002).

Airborne lead tends to be in the form of submicron aerosols (Davidson and Rabinowitz,
1992; Davidson and Osborn, 1986; Harrison, 1986; Lin et al., 1993). The mass median diameter
averaged for several studies is 0.55 pm (Milford and Davidson, 1985). A study performed in
1991, after leaded gasoline was no longer the predominant source of lead in the atmosphere,
showed a bimodal distribution for lead particles with the larger peak in the fine fraction (Lin
et al., 1993). The mass median diameter for lead samples was 0.38 = 0.06 um in the fine fraction
and 8.3 = 0.6 um in the coarse fraction. Since small particles are much slower to deposit than
larger particles, lead can be transported great distances in the atmosphere. Detectable quantities
of lead have been found even in the most remote places on earth. Because much of the airborne
lead is generally associated with fine particles, atmospheric dispersion models used for gaseous
pollutants can be applied to estimate atmospheric flows of lead under certain conditions. Use of
such dispersion models is more accurate for submicron lead emitted from stacks than it is for
larger particles resulting from fugitive emissions, such as resuspended soil particles.

The airborne concentration of a species emitted from a point source is frequently
described with a Gaussian distribution. This simple description holds true only when turbulence
is stationary and homogeneous. However, the Gaussian model can be modified to account for
more complex atmospheric conditions. For a thorough discussion of assorted Gaussian plume
models and parameters, the reader is directed toward the work of Seinfeld and Pandis (1998).
Gaussian models are in general reasonably accurate for small-scale work — within approximately
100 km of the source.

The rate and direction of dispersion are dependent both on pollutant characteristics and
meteorological conditions. Important meteorological factors include windspeed, surface
roughness, inversion frequency, inversion duration, and the temperature.

A Gaussian dispersion model (EMITEA-AIR) was applied to theoretical primary and
secondary lead smelters in Europe (Baldasano et al., 1997). This model accounts for plume rise

as well as interactions between the plume and terrain. Two sites were modeled. Conditions in
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Copenhagen, Denmark included flat terrain, dominant strong winds, neutral or stable turbulence,
and an annual mean temperature of 10°C. Conditions in Catalunya, Spain had a complex terrain,
weak winds, unstable turbulence, and an annual mean temperature of 15°C.

The results of these modeling efforts showed that airborne concentrations of lead were
both lower and more symmetric surrounding the Copenhagen site than surrounding the
Catalunya site (Baldasano et al., 1997). Concentrations at the Copenhagen site had a maximum
value of 0.004 pg/m’. Concentrations at the Catalunya site ranged between 0.065 and 0.3 pg/m’.
The prevalence of calm winds and the complex terrain were the most important factors
contributing to high lead concentrations surrounding the Catalunya smelter.

Modeling efforts for an abandoned battery recycling facility using the EPA Industrial
Source Complex Short Term (ISCST) model, based on Gaussian equations, showed good
agreement with measured concentrations (Small et al., 1995). Model predictions at three sites at
distances between 240 and 310 m from the stack were between 3.8 and 4.4 pg/m’, whereas
measured concentrations taken when the plant was in full operation had averages between
4.1 and 5.2 pg/m’.

For long-range transport modeling, Lagrangian trajectory or Eulerian grid models are
commonly employed. These models determine how a parcel of air moves relative to the moving
fluid and a fixed coordinate system, respectively.

Two Lagrangian experiments were performed in the Azores in the northern Atlantic
(Véron and Church, 1997). Retrospective air mass trajectories based on the hybrid single-
particle Lagrangian integrated trajectory (HY-SPLIT) model found that air masses enriched with
lead had been over continental regions ten days prior to testing. This is consistent with current
understanding that most lead emissions are from sources on continents, not from oceanic
sources. Airborne lead at this remote location was transported from several different countries
(Véron and Church, 1997).

Similarly, backward air mass trajectories estimated for Greenland showed that the highest
air concentrations of metals were in air parcels that had been over continental regions five days
earlier (Davidson et al., 1993). The model used in this study employed a constant acceleration
formulation of the trajectory equations and encompassed air parcel movements affected by

terrain and meteorology. The air masses with the highest metal concentrations were traced back
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to polluted regions, including the Arctic Basin, eastern North America, and Western Europe
(Davidson et al., 1993).

A numerical model that combined weather system modeling with three-dimensional
Lagrangian transport and diffusion modeling was used to determine the foreign contributions of
lead to airborne concentrations in Israel (Erel et al., 2002). These predictions, in conjunction
with isotopic measurements, indicated that Israel received significant amounts of lead from
Egypt, North Africa, the United Arab Emirates, Jordan, Turkey, and Eastern Europe (Erel et al.,
2002).

Historical Records of Atmospheric Lead Transport and Deposition

An important field of research involves analyzing natural records of lead deposited from
the atmosphere. Lead concentrations are measured in media such as soil, sediments, ocean
water, peat bogs, plants, snowpacks, or ice cores. Based on concentrations, ratios to other
pollutants, or isotopic compositions, an airborne concentration is back calculated and in some
cases the major emitters can be identified. Sediments can provide records dating back several
million years, peat bogs can reach back to the late glacial period (~15000 years ago), corals and
trees can record up to several hundred years, and lichens and mosses can provide recent
deposition data (Weiss et al., 1999). Additionally, some applications can yield data showing
variation with seasons or climate. These methods have been used to monitor both short and
long-range transport. For a comprehensive look at natural historical records, the reader is

referred to review articles by Weiss et al. (1999), Boutron et al. (1994), and Garty (2001).

2.3.2 Deposition of Airborne Particles
Deposition (both dry and wet) is the major removal mechanism for atmospheric
pollutants. Here we focus on deposition data published specifically for lead aerosols, although

the literature on particle deposition is extensive.
Dry Deposition

Dry deposition is the process by which pollutants are removed from the atmosphere in the

absence of precipitation. The downward flux, -F, is characterized by:
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-F = VdC (2-5)

where C is the airborne concentration in pg/m’ and Vg is the deposition velocity in m/second.
The deposition velocity is an empirical quantity defined by Equation 2-5 as the ratio of F to C
with units of m/s. It should be noted that both the airborne concentration and the deposition
velocity are dependent on vertical height.

The physical factors governing dry deposition are often described in a manner analogous
to electronic resistances (Davidson and Wu, 1990). The parameters of aerodynamic resistance,
boundary layer resistance, and surface resistance run in parallel with sedimentation resistance or
gravity. The relative importance of each of these resistances varies with particle size and
meteorological conditions (Wu et al., 1992a).

The size of depositing particles is arguably the most important factor affecting deposition
rates. For very small particles, Brownian motion is the dominant mechanism that transports
particles through the viscous sublayer that borders surfaces (Nicholson, 1988a). For large
particles, sedimentation is the most important process governing particle deposition.

For intermediate particles, impaction and interception largely determine deposition rates.

The deposition velocity has the most uncertainty for these intermediate sized particles
(Nicholson, 1988a). Although most of the airborne lead mass was associated with submicron
particles, only about 0.5% of the lead particle mass undergoing dry deposition in Chicago was
<2.5 pm in diameter (Lin et al., 1993). Additionally, more than 90% of lead particle mass that
undergoes dry deposition is in an insoluble chemical form (Gatz and Chu, 1986).

Deposition velocities for lead are in the range of 0.05 to 1.3 cm/s. Table 2-20 is a
compilation of data from the literature. Figure 2-5 shows the variation of deposition velocity for

lead as a function of particle size.

Wet Deposition
Wet deposition is the process by which airborne pollutants are scavenged by precipitation
and removed from the atmosphere. The flux of a depositing species can be defined through the

following equation:

F=V,C, (2-6)
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Table 2-20. Dry Deposition Velocities for Lead Particles

Vd (cm/s) MMAD (um) Surface Other Reference

0.26 all water Davidson and Rabinowitz (1992)

0.56 all orchard grass Davidson and Rabinowitz (1992)

0.06 +0.02 all model of Rojas et al.(1993) Rojas et al. (1993)

0.06 +0.02 all model of Slinn & Slinn (1980)  Rojas et al. (1993)

0.09 +0.03 all model of Williams (1982) Rojas et al. (1993)

0.26 all all mass balance model Friedlander et al. (1986)

0.14+0.13 10% >4 teflon plates Davidson and Wu (1990)

0.15+0.07 0.87 teflon plates Davidson et al. (1985)

0.41 0.68 water Davidson and Wu (1990) taken from Dedeurwaerder et al. (1983)
0.43 0.75 water Davidson and Wu (1990) taken from Dedeurwaerder et al. (1983)
0.19 0.70 land Davidson and Wu (1990) taken from Dedeurwaerder et al. (1983)
0.33+0.03 alfalfa + oil stable conditions El-Shobokshy (1985)

0.31+0.02 alfalfa + oil unstable conditions El-Shobokshy (1985)

0.37+0.04 grass + oil stable conditions El-Shobokshy (1985)

0.31£0.02 grass + oil unstable conditions El-Shobokshy (1985)

0.28 +0.05 soil stable conditions El-Shobokshy (1985)

0.34 +0.05 soil unstable conditions El-Shobokshy (1985)

09+0.3 0.79 beech canopy throughfall Davidson and Wu (1990) taken from Hofken et al. (1983)
1.3+£0.5 0.79 spruce canopy throughfall Davidson and Wu (1990) taken from Hofken et al. (1983)

0.05 0.5 polyethylene petri dish Davidson and Wu (1990) taken from Lindberg and Harriss (1981)
0.005 0.5 oak foliar extraction Davidson and Wu (1990) taken from Lindberg and Harriss (1981)
0.06 +£0.01 0.5 polyethylene petri dish Davidson and Wu (1990) taken from Lindberg and Harriss (1981)
0.46 filter paper Davidson and Wu (1990) taken from Pattenden et al. (1982)

0.06 0.3 bucket Davidson and Wu (1990) taken from Rohbock (1982)

0.13 82%<1 water aerometric mass balance Davidson and Wu (1990) taken from Sievering et al. (1979)

Source: Davidson and Rabinowitz (1992), Rojas et al. (1993), Friedlander et al. (1986), Davidson and Wu (1990), Davidson et al. (1985), and El-Shobokshy (1985).



O© 0 9 O N B~ W N =

—_— = e
W NN = O

Deposition Velocity

2000,
1000
E Jl /”-‘
< Oy ;’I
o K /
5 0.100L i,ﬂ'
o E } /
] C N P
’; AN
= 0010k N _.~” Density =6 g cm™
.E J ; .
S !
@
2 L
0001 1 L1 Illll 1 L1ttt 1 1 1 111
0.01 0.10 1.00 8.00

Mean Stokes Diameter (um)

Figure 2-5. Thedeposition velocity plotted against the geometric mean Stokes diameter
for particleswith adensity of 6 g/lem™ (i.e,, lead). Error barsare shown and
the arrow indicates a negative value for the lower limit of uncertainty.

Source: Reprinted from Main and Friedlander (1990).

where V,, is the rate of precipitation in cm/s and C, is the concentration of the chemical species
in the precipitation in pg/L (Miller and Friedland, 1994).

The size of particles can influence wet deposition rates. Large particles are scavenged
more efficiently. Lead, which is found primarily in the submicron size range, does not undergo
wet deposition as easily as many of the crustal elements (Davidson and Rabinowitz, 1992).

Conko et al. (2004) note a seasonal trend in wet deposition rates for lead. The highest
concentrations were observed in the summer months, which the authors attribute to increased
emissions from electric power plants. This contradicts the findings of Gélinas and Schmit
(1998), who found the lowest deposition of lead occurred in the summer. The authors suspect
that this is due to decreased traffic in the summer months.

Regional differences may affect deposition rates. Miller and Freidland (1994) observed
wet deposition fluxes at an elevation of 1200 m that were almost twice as high as fluxes

observed at low altitudes. This effect is observed because wet deposition of lead occurs almost
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exclusively through rainfall at low elevations, but cloudwater interception is an important factor
at high elevations in addition to rainfall. Comparing values for urban and rural sites, similar
rates of wet deposition were observed indicating that lead is widely disbursed and is emitted by
area sources (Conko et al., 1994).

Precipitation activity has been linked to variability in wet deposition rates. Intense rain
showers had lower lead concentrations than slow, even rainfalls (Chow, 1978). Thunderstorms
typically did not have detectable quantities of lead but occasionally produced very high levels.

The concentration of lead in rainfall does not appear to be correlated to the amount of
time between rainfalls, but meteorological conditions such as a thermal inversion preceding a
rainfall may affect the lead content (Chow, 1978).

Lead in rainwater includes both dissolved and particulate material. Approximately 83%
of lead in wet deposition samples was in a soluble form, compared to less than 10% in dry
deposition samples (Gatz and Chu, 1986).

Typical concentrations of lead in precipitation are listed in Table 2-21. The table shows a

pronounced downward trend with time presumably due to the phase out of leaded fuel.

Bulk Deposition

Bulk deposition is the rate of dry and wet deposition combined. It is typically sampled in
open buckets or other open containers. This is often used to estimate the overall rate of
atmospheric input to soil, surface water, or other terrestrial media. However, it is understood
that dry deposition onto surrogate surfaces may differ greatly from dry deposition onto natural
surfaces. The ratio of dry to wet deposition is 1.5, 0.4, and 0.25 in marine, rural, and urban areas
respectively (Galloway et al., 1982). The ratio of dry deposition to wet deposition ranged
between 0.1 and 0.5 in arctic regions (Davidson and Rabinowitz, 1992). In a literature survey,

Hicks (1986) found that this ratio varied between 0.4 and 1.8.

2.3.3 Resuspension of L ead-Containing Soil and Dust Particles

The resuspension of soil-bound lead particles and contaminated road dust is a significant
source of airborne lead. Here we focus on resuspension by wind and vehicular traffic although
resuspension through other mechanical processes such as pedestrian traffic, agricultural

operations, construction, and even raindrop impaction is possible. In general, mechanical
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Table 2-21. Concentrations of Lead in Rainwater in the United States

Precipitation Cloudwater
Dates of concentration  concentration
Testing (ng/L) (ng/L) L ocation Source
1966-1967 32.7 98.1 Northeastern US Lazrus et al. (1970)*
1971-1972 31.2 93.6 Northeastern US Schlesinger and Reiners (1974)*
1975-1976 25.2 75.6 Northeastern US Smith and Siccama (1981)*
1977-1978 15.6 46.8 Northeastern US Smith and Siccama (1981)*
1982 17.0 51 Northeastern US Scherbatskoy and Bliss (1984)*
pre-1982 44 n.a. Urban areas Galloway et al. (1982)°
5.4-147
pre-1982 12 n.a. Rural areas Galloway et al. (1982)°
0.59-64
pre-1982 0.09 n.a. Remote areas Galloway et al. (1982)°
0.02-0.41
1988-1989 1.9 54 Northeastern US Miller and Friedland (1991)
1998 047 +0.55 n.a. Reston, VA Conko et al. (2004)

Source: * Cited in Miller and Friedland (1994), ® cited in Davidson and Rabinowitz (1992), and Conko et al. (2004).

stresses are more effective at resuspending particles than wind (Sehmel, 1980; Nicholson,
1988Db).

Rapid calculations of ambient, respirable concentrations of lead from resuspension can be
performed through the use of fugitive dust emission factors. The emission rate of a pollutant as

PM, can be estimated through the following equation (Cowherd et al., 1985):

R10 = E10 A (2'7)
where R10 is the emission rate of a contaminant as PM (units of mass/time), a is the fraction of
contaminant in the PM size range (mass/mass), E10 is the PM;( emission factor (mass/source

extent), and A is the source extent (in source dependent units, which are typically area but can be

volume).
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Emission factors for fugitive dust depend on whether the predominant force of
resuspension is traffic or other mechanical disturbance, or wind. Emission factors are not
recommended for detailed calculations but can provide order of magnitude assessments with
minimal effort. Condition specific equations for fugitive dust emissions are provided by
Cowherd et al. (1985) and AP-42 (U.S. Environmental Protection Agency, 2005).

Understanding the physics of resuspension from natural winds requires analyzing the
wind stresses on individual particles, including frictional drag, form drag, gravitation, and the
Bernoulli effect (Sehmel, 1980). Although this analysis can be accurate on a small scale,
predicting resuspension on a large scale generally focuses on empirical data for continual soil
movement due to three processes: saltation, surface creep, and suspension (Sehmel, 1980;
Nicholson, 1988b). Saltation is the process by which particles in the 100 to 500 um size range
bounce or jump close to the surface. The low angle at which these particles strike the surface
can transfer momentum to smaller particles allowing them to be suspended into the atmosphere
(Sehmel, 1980; Nicholson, 1988b). Depending on soil conditions, saltation can be responsible
for moving 50 to 75% of surface particles. Surface creep is the rolling or sliding motion of
particles, which is induced by wind stress or momentum exchanged from other moving particles.
This generally applies to large particles 500 to 1000 um in diameter and moves 5 to 25% of soil
by weight (Sehmel, 1980; Nicholson, 1988b). Suspension is the process that actually ejects
particles into the air. This affects particles smaller than 100 um in diameter and moves 3 to 40%
of soil by weight (Sehmel, 1980; Nicholson, 1988b).

Resuspension is often defined in terms of a resuspension factor, K, with units of m'l, ora
resuspension rate (A), with units of sec”’. The resuspension factor was used in early research on

reentrainment and is defined by:

K = Cair(ug/mS)

2-8
Coi (ng/m?) ()

where C,;; 1s the airborne concentration of a chemical species and Cyy; is the surface soil
concentration of the same species. K has significant limitations, in that it is dependent both on
the height at which C,;; is measured and the depth to which Cs; is measured. This factor also

assumes that all airborne material is a direct result of resuspended soil-bound material, which is
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not the case in most situations (Sehmel, 1980; Nicholson, 1988b). Additionally, K cannot be
used if soil concentrations are not uniform across the area of interest (Nicholson, 1988b).

The resuspension rate, A, is the fraction of a surface contaminant that is released per time
and is defined by:

A~ Rug/m’s) (2-9)

Csoil (Hg / mZ )

where R is the upward resuspension flux, and A has units of s'. Although A is also dependent
on the depth to which soil concentrations are measured, the resuspension rate has a number of
advantages over K. Most notably, it can be applied to non-uniform areas of soil contamination,
and it allows for other sources of airborne contaminants. It cannot be determined experimentally
and is usually deduced by fitting results to a numerical model of airborne dispersion and
deposition for the pollutant of interest (Nicholson, 1988b). Resuspension rates are dependent on
many factors, including wind speed, soil moisture, particle sizes, the presence of saltating
particles, and the presence of vegetation. Typical values for A can cover 9 orders of magnitude
in the range of 10%-10* s™ (Sehmel, 1980; Nicholson, 1988b).

Nicholson (1993) notes that A increases with increasing particle diameter because larger
particles protrude farter into the turbulent air stream and the drag force increases more quickly
than adhesive forces. Furthermore, in a laboratory resuspension chamber, the yields of
resuspended matter decreased approximately linearly with increases in the geometric mean
particle sizes of the bulk soil (Young et al., 2002). Lead is associated with the smaller size
ranges in the distribution of soil particles (Van Borm et al., 1988). Young et al. (2002) suggest
that this is because the higher specific surface area of small particles means that there are higher
contents of organic matter or Fe/Al oxides that serve as lead binding sites.

Saltation is a particularly important factor in determining resuspension rates. Saltation
moves large quantities of soil particles and is highly efficient at ejecting particles into the
airstream. Saltating particles rotate between 200 and 1000 revolutions/second and are ejected
almost vertically (Sehmel, 1980). Saltating particles strike the surface at very small angles —
almost horizontally — and cause an avalanching effect. In the absence of saltation, very little

resuspension would occur at all (Sehmel, 1980; Nicholson, 1993). Because resuspension is
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driven by saltation and not the direct pick-up by wind, the size distribution of resuspended
particles does not change with windspeed (Young et al., 2002).

Vehicular resuspension is the result either of shearing stress of the tires or turbulence
generated by the passing vehicle (Nicholson, 1988b; Nicholson et al., 1989). This process can be
particularly important, since the most contaminated roadways tend to have the most traffic.

As with wind resuspension, a number of factors can affect the rate of resuspension from
vehicular motion. These factors include vehicle size, vehicle speed, moisture, and particle size.

Lead in street dust appears to have a bimodal distribution. The fine mode is likely from
vapor phase condensation from combustion engines, while the coarse mode is from either vehicle
wear or significant coagulation of smaller particles. Al-Chalabi and Hawker (1997) observed
that in roadways with significant resuspension, lead concentrations were lower indicating either
dispersion from the source or the scavenging of smaller lead particles by coarser particles.
Abu-Allaban et al. (2003) similarly observed that lead in road dust tended to be in the coarse
mode. Measurements performed in tunnel tests indicated that <17% of PM,, lead was smaller
than 2.5 um (Lough et al., 2005).

Resuspension may occur as a series of events. Short episodes of high windspeeds, dry
conditions, and other factors conducive to resuspension may dominate annual averages of
upward flux (Nicholson, 1988b, 1993).

The concentrations of lead in suspended soil and dust vary significantly. In suspended
soils sampled near industrial emitters of lead, PM;o-bound lead varied between 0.012 and 1.2 mg
Pb/ kg of bulk soil (Young et al., 2002). Tsai and Wu (1995) measured lead in airborne particles
that was 30 times higher than lead in road dust. This enrichment factor was much higher than for
other pollutants, which may indicate that lead is more easily resuspended than other
contaminants. The fractions of lead in suspended dusts and soils are listed in Table 2-22.

The contribution of resuspended soil and dust to the airborne burden may be significant,
particularly from highly contaminated sites. A source apportionment study in Boston indicated
that soil resuspension increased the airborne concentration of lead by as much as 0.02 pg/m’ in
the fine mode (Thurston and Spengler, 1985). Isotopic measurements in Yerevan, Armenia
credited resuspension of contaminated soil with 75% of the atmospheric lead in 1998 (Kurkjian
et al., 2002). Calculations based on road dust emissions and lead weight fractions indicate that

resuspension was responsible for ~40% of overall lead emissions to the South Coast Air Basin of
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Table 2-22. The Percentage of L ead in Resuspended Particulate M atter

Source

L ocation

Pb fraction of
PM 1o mass (%)

Pb fraction of
PM2s mass (%)

Reference

Paved road dust

Paved road dust

Paved road dust

Paved road dust

Unpaved road dust

Unpaved road dust

Unpaved road dust

Unpaved road dust

Agricultural soil

Agricultural soil

Agricultural soil

Agricultural soil

Agricultural soil

Agricultural soil

Playa dust

Sand & gravel storage

Construction site

Urban
San Joaquin
Valley

Urban
Fresno, CA

Urban
Reno and
Sparks, NV

Rural
San Joaquin
Valley

Rural
San Joaquin
Valley

Rural
Bakersfield, CA

Residential
San Joaquin
Valley

Staging area
San Joaquin
Valley

San Joaquin
Valley

San Joaquin
Valley

San Joaquin
Valley

San Joaquin
Valley

San Joaquin
Valley

Stockton, CA
Rural

Reno and
Sparks, NV

Visalia, CA
Urban

Reno and
Sparks, NV

0.0161 +0.0031

0.3+0.03

0.0057 +0.0028

0.0058 +0.0073

0.01

0.0203 £0.0133

0.0043 +0.0008

0.0063 + 0.0059

0.0031 +0.0025

0.0062 + 0.0034

0.0024 +0.0082

0.003 £+ 0.0025

0.01

0.02

0.4

1.E-02

1.E-03

1.E-03

Chow et al. (2003)

Chow et al. (1994)

Gillies et al. (1999)

Chow et al. (2003)

Chow et al. (2003)

Chow et al. (1994)

Chow et al. (2003)

Chow et al. (2003)

Chow et al. (2003)

Chow et al. (2003)

Chow et al. (2003)

Chow et al. (2003)

Chow et al. (2003)

Chow et al. (1994)

Gillies et al. (1999)

Chow et al. (1994)

Gillies et al. (1999)

Source: Chow et al. (1994, 2003) and Gillies et al. (1999).
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California in 1989 (Lankey et al., 1998). Resuspension estimates based on modeling efforts for
the same area suggest that resuspension contributed ~90% of overall lead emissions in 2001
(Harris and Davidson, 2005). Figures 2-6 and 2-7 demonstrate how air and soil concentrations

are affected by long-term resuspension.
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Figure2-6. The modeled soil concentrations of lead in the South Coast Air Basin of
California based on four resuspension rates.

Source: Reprinted from Harris and Davidson (2005).

2.3.4 Runoff from Impervious Surfaces

The runoff of water from impervious surfaces may be a significant transport route for lead
from urban areas to soil, waterways, and catchment basins. As water runs off roadways and
buildings, it can become laden with dissolved and suspended matter. Dust on roadways contains
a significant fraction of lead due to vehicle wear, vehicle emissions, road wear, fluid leakage,
and atmospheric deposition. Lead in road dust is discussed in further detail in Sections 2.3.3 and
3.2 of this document. Additionally, lead-containing paints, gutters, roofing materials, and other

housing materials may leach with rainfall.
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Figure2-7. The modeled and measured airborne concentrations of lead in the South
Coast Air Basin of California based on two resuspension rates.

Source: reprinted from Harris and Davidson (2005).

Urban catchments in Fresno, California had highly elevated soil lead concentrations,
suggesting high concentrations of lead in runoff waters (Nightengale, 1987). Basins in use since
1962, 1965, and 1969 had surface soil concentrations of 570, 670, and 1400 ppm, respectively.
Nearby control soils had surface concentrations between 8.3 and 107 ppm.

Urban runoff released into a stream in State College, Pennsylvania caused significant
spikes in lead concentrations (Lieb and Carline, 2000). Concentrations upstream of the release
point were 1.5 ng/L. Downstream concentrations were 1.8 pg/L when there was no precipitation
and averaged 14.6 ug/L during storm events.

The amount of lead that is removed from roadways and buildings by rainwater depends
somewhat on the intensity of the storm. Experiments performed by Davis and Burns (1999)
indicated that high intensity storms washed away significantly more exterior house paint than
low-intensity storms. A separate set of experiments showed that the amount of lead contained in
roadway runoff increased significantly with the length of the dry period prior to a rain event

(Hewitt and Rashed, 1992).
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Lead in runoff water is primarily in the particulate form, with a very small fraction in the
dissolved form (Hewitt and Rashed, 1992; Davis and Burns, 1999; Roger et al., 1998). Between
69% and 93% of lead washed from painted structures was in particulate form (Davis and Burns,
1999). More than 90% of lead in highway runoff from a rural highway in the UK was in the
particulate phase (Hewitt and Rashed, 1992). Roger et al. (1998) observed that lead particles in a
motorway catchment in France were typically <50 pm in diameter. Samples taken from road
water samples also in France showed that most lead was in an inorganic, non-bioavailable form
(Flores-Rodriguez et al., 1994).

The amount of lead from roadways varies by region, the rainfall intensity, maximum
inflow, rainfall duration, and the antecedent dry weather period (Shinya et al., 2000).
Measurements taken near a roadway in France showed that in runoff water, concentrations
ranged between 0.46 and 4.57 g Pb/kg of suspended PM (Roger et al., 1998). Another study of
French roadways had an average lead content of 2.36 g Pb/kg of dried material (Flores-
Rodriguez et al., 1994). Thirteen storm events studied at a heavily trafficked, rural highway in
England showed mean lead contents of 181 ug/L (Hewitt and Rashed, 1992). Of this total, 16.2
+ 6.9 pg/L was in the dissolved phase and 165 + 101 pg/L in the particulate phase. An
additional 0.36 pg/L was in an organic form. The mean concentrations of lead during four rain
events studied near a roadway in Japan ranged between 17 and 39 pg/L (Shinya et al., 2000).
The initial concentrations were higher, ranging from 130 to 567 pg/L. This indicates the
presence of a first flush effect in which much of the contamination is removed within the initial
period of rainfall. Hewitt and Rashed (1992) observed a similar downward trend in the lead
concentration with time. However, no first flush phenomenon was observed in the study
performed by Taebi and Droste (2004), which evaluated combined urban runoff transported to a
mixed residential and commercial urban catchment in Iran. The concentrations of lead for each
of 10 major rainfall events ranged between 0.018 and 0.558 ng/L. The arithmetic mean for all
10 events was 0.278 ug/L.

Studies of runoff from building materials showed high lead concentrations from painted
wood and painted brick, particularly if the paint is more than 10 years old (Davis and Burns,
1999; Davis et al., 2001). The maximum concentrations of lead were 1900 pg/L and 28000 ng/L

associated with painted exterior wood and brick surfaces, respectively (Davis and Burns, 1999).
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1 Lead from paint is released into waters in both particulate and dissolved form. The

2 concentrations in runoff from building surfaces are listed in Table 2-23.

Table 2-23. The Concentrationsof Lead in Runoff From Building Surfaces

Geometric Median Mean
Substance Mean (pg/L) (ng/L) pa/L) Range (ug/L) Reference
Block (painted) 9.2 8.0 38 <2-590 Davis and Burns (1999)
Brick (painted) 22 16 580 <2-28000 Davis and Burns (1999)
Wood (painted) 43 49 170 <2-1900 Davis and Burns (1999)
0-5 yr. old paint 8.0 8.1 27 <2-370 Davis and Burns (1999)
5-10 yr. old paint 18 14 120 <2-2600 Davis and Burns (1999)
>10 yr. old paint 81 88 810 <2-28000 Davis and Burns (1999)
Roofs 6.0 5.2 38 <2-590 Davis and Burns (1999)
Residential roofs 2 1.5 Davis et al. (2001)
Commercial roofs 12 62 Davis et al. (2001)
Institutional roofs 64 64 Davis et al. (2001)

Source: Davis and Burns (1999) and Davis et al. (2001).

3 Matthes et al. (2002) studied runoff from lead sheet to simulate lead in gutters, roofs,

4 piping, siding, and sculptures. Typical concentrations in runoff ranged between 700 and

5 3700 mg/L. This was attributed to the solubility of cerrusite (lead carbonate) and hydrocerrusite

6  (lead hydroxy carbonate), which form on the surface of air-exposed lead. Lead corrosion

7  (cerrusite and hydrocerrusite) dissolution rates from lead sheets were measured at 14.3 to

8  19.6 millimoles of lead/m” per year (Matthes et al., 2002).

9 The amount of lead removed by runoff events varies. Hewitt and Rashed (1992) estimate
10 that approximately 8% of lead and 5% of organic lead emitted from vehicles is removed by
11 highway drainage waters. Shinya et al. (2000) estimate that total lead loads for a roadway in
12 Japan prior to four storm events ranged between 0.053 and 0.771 mg Pb/m’. These storm events
13 removed half of the load in 0.07 to 3.18 hours after the start of the rainfall event.
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Davis et al. (2001) estimate the total annual loading of lead from all sources to be between
0.069 and 0.18 kg Pb/ha. They estimate that 80 to 90% of this is derived from runoff from
buildings.

2.3.5 Leachingof Sail Lead

Soil lead has some capacity to leach through the soil column, potentially contaminating
ground water. Lead sorbs strongly to constituents of the soil matrix and is only weakly soluble
in pore water, so the leaching of lead is a much slower process than the leaching of many other
contaminants (Marcos et al., 2002; Zhang and Xu, 2003; Unlii, 1998; Pang et al., 2002). The
sorbing capacity of the soil and the solubility of the contaminants can be affected by the
hydraulic conductivity of the soil, the composition of the soil solution, the content of the soil
organic matter, the content of the soil clay minerals, soil pH, microbial activity, preferential flow
through plant root channels and animal holes, and geochemical reactions (Rhue et al., 1992;
Elzahabi and Yong, 2001). The experiments of Erel et al. (1997) on soil columns indicate that
anthropogenic lead is more readily available for leaching than lead that naturally occurs in
the soil.

Lead can bind to many different surfaces in the heterogeneous soil matrix. This
adsorption greatly affects mobility and is dependent on the characteristics of the soil and lead
compounds. Lead is partitioned between the soil water solution, precipitated forms, secondary
Fe or Mn oxides, carbonates, organic matter, sulfides, or the surfaces of clay, humus, or silicate
particles (Badawy et al., 2002; Venditti et al., 2000; Cajuste et al., 2000; Erel and Patterson,
1994). The most labile fraction of lead is adsorbed to the surfaces of colloid soil particles, which
may include organic matter, clay, oxides, or carbonates (Erel et al., 1997). Lead leached from a
limestone soil during a sequential fractionation procedure was exclusively in the iron/manganese
oxide form (Hee, 1994). A study of industrially contaminated soils found that between
approximately 50% and 60% of the lead was not susceptible to leaching during any phase of a
sequential fractionation procedure (Cajuste et al., 2000). The remaining lead was found
primarily in the carbonate and Fe-Mn oxide fractions, with sizeable amounts in the organic and
exchangeable phases. None of the lead was water soluble. Maskall and Thornton (1998) also
observed a high fraction of lead in the carbonate form in highly contaminated soil. The unusual

presence of carbonate-bound lead is probably due to the formation of cerrusite (PbCOs3) in soils
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contaminated with calcareous slag wastes (Maskall and Thornton, 1998). Lead migration in this
contaminated soil was associated with Fe-Mn oxides. A third contaminated site was tested by
Jing et al. (2004). These soils showed 57% of lead in the Fe-Mn oxide form, 29% in the
carbonate form, and just 5% in the residual, soil-bound form.

High chlorine content in soil has been shown to increase lead leaching (Unlii, 1998).
Chloride complexation with lead enhances lead solubility.

The pore-water velocity is inversely proportional to sorption rates. At low flow, the
longer retention times lead to more complete sorption of lead to soil particles (Pang et al., 2002).

In laboratory experiments on soil columns, transport of lead was enhanced by the
introduction of soil colloid suspensions (Karathanasis, 2000). Colloids increased transport of not
only colloid-bound lead but also dissolved lead. Colloid transport was enhanced by increasing
the colloid surface charge, increasing the pH, increasing the amount of organic carbon,
increasing the soil macroposity, decreasing the colloid size, and decreasing the Al, Fe, and quartz
contents (Karathanasis, 2000). Colloid binding and co-transport of lead are important
mechanisms for lead migration, but colloids also enhance the flow of lead through physical
blockage from exchange sites, competitive sorption, and organic complexation (Karathanasis,
2000). Denaix et al. (2001) observed that most of the lead-transporting colloids in an acidic,
loamy soil were biological in nature. The lead concentration in the colloid fraction was not
correlated with pH, colloidal organic carbon contents, or colloidal silicon concentrations (Denaix
et al., 2001). Approximately 50% of the total lead transfer in these experiments was attributed to
colloidal transfer.

At low pH, metal species bound to carbonates, hydroxides, and other soil matrix
components are more likely to dissolve into solution (Maskall and Thornton, 1998; Elzahabi and
Yong, 2001; Badawy et al., 2002). This increases the rate of lead migration through the soil.
The experiments of Jing et al. (2004), which followed eight different leaching protocols, suggest
that pH is the primary factor in determining the concentration of lead in leached solution. At pH
>12, lead forms soluble hydroxide anion complexes and leaches out of the soil column. At pH
between 6 and 12, lead leachibility is low due to adsorption and precipitation. At pH <6 free Pb
ions leach into the pore water and are removed from the soil columns. Rhue et al. (1992)
observed that organic lead species (Me,Pb>" and Et,Pb*") were best absorbed at pH 6.2 and 7.2,
respectively. Sorption decreased at pH <5 and >8.2 (Rhue et al., 1992).
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A partition coefficient, Ky, is often used to describe the susceptibility of lead to leaching.
This value is used to compare the fractionation of a contaminant between liquid and solid forms.

K4 is defined by the following equation:

Kq=S/C’ (2-10)

where S is the total concentration of lead adsorbed in the solid phase and C’ is the concentration
of lead in pore water solution (Elzahabi and Yong, 2001). K4 increases with increasing pH

(up to 7.0) and increasing distance from the leachate source (Elzahabi and Yong, 2001; Sheppard
and Sheppard, 1991). K, decreases with an increase in the influent heavy metal concentration
and the degree of saturation (Elzahabi and Yong, 2001). The highest value of K4 appears to be
near the source of lead contamination. Values of Ky in the literature cover many orders of
magnitude between 1.20 L/kg and “infinity” (when no lead can be detected in pore water).

These values are listed in Table 2-24. For more information on lead solid-solution partitioning
see Chapter 8.

The rate of migration through the soil has been estimated in many different studies. Using
lead isotopes, Erel et al. (1997) estimate the rate of lead migration to be 0.5 cm/year in soils
collected from rural locations in Israel. Sheppard and Sheppard (1991) measured the rate of flow
through spiked soils, which were highly acidic and had a low organic matter content. These
soils, which were especially susceptible to leaching, exhibited migration rates of 0.3 cm/day
during the first year of experiments. The migration rate appeared to slow down in subsequent
years. Cores taken at smelting sites used during the Roman era, medieval times, and the
18th century underwent sequential extraction (Maskall and Thornton, 1998). The estimated lead
migration rates at the Roman, medieval, and 18th century sites were 0.07 to 0.54 cm/year, 0.31 to
1.44 cm/year, and 0.11 to 1.48 cm/year, respectively.

Mass balance calculations of Miller and Friedland (1994) suggest migration rates of
0.11 cm/year and 0.29 cm/year through the organic horizons of spruce-fir and northern hardwood
forests, respectively. Similar calculations by Kaste et al. (2003) at the same site predicted that
anthropogenic lead will take ~60 and ~150 years to be transported through the organic horizon in
the deciduous and spruce-fir forests, respectively. The difference in response times for the two

forests may be due to differences in the litter depth and/or in the rate of litter decomposition.
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Table 2-24. Soil/Water Partition Coefficientsfor Several Different Soils and Conditions

Beginning Sail

Kd Water Content

(L/kg) pH (%) Soil Type Reference

12.68 4.0 26.69 illitic (spiked) Elzahabi and Yong (2001)

3.23 4.0 28.20 illitic (spiked) Elzahabi and Yong (2001)

1.20 3.5 26.29 illitic (spiked) Elzahabi and Yong (2001)

1.36 35 26.32 illitic (spiked) Elzahabi and Yong (2001)

~6000 n.a. n.a. brown pseudopodzolic Alumaa et al. (2002)

~3000 n.a. n.a. rendzina Alumaa et al. (2002)

~5000 n.a. n.a. gley podzolic Alumaa et al. (2002)

20 4.9 n.a. acidic (low-organic-matter sand)  Sheppard and Sheppard (1991)

9000 4.8 n.a. sphagnum peat Sheppard and Sheppard (1991)

92.99 4.45 n.a. mining site Merrington and Alloway
(1994)

14.25 4.45 n.a. mining site Merrington and Alloway
(1994)

125.58 5.01 n.a. mining site Merrington and Alloway
(1994)

95.51 5.01 n.a. mining site Merrington and Alloway
(1994)

1330+£200  3.0-4.0 n.a. acidic (high-organic-matter peat) Deiss et al. (2004)

Source: Elzahabi and Yong (2001), Alumaa et al. (2002), Sheppard and Sheppard (1991), Merrington and
Alloway (1994), and Deiss et al. (2004).

Soil tested from a car battery salvage facility showed a significantly greater lead
concentration in the leached solution than in a reference soil (Jensen et al., 2000).
Concentrations in the leached solution went as high as 8000 pg/L. Other industrially
contaminated soils did not show such high rates of leaching, but these other soils had nearly
neutral pHs.

Isotopic ratios in soil cores in the Sierra Nevada, California showed that 21% of lead at a
depth of 30 cm had anthropogenic origins and had migrated from the surface (Erel and Patterson,

1994). The remaining 79% of lead at this depth was naturally occurring.
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Physical mixing of soils through animal activity may also increase the rate of lead
migration. Mace et al. (1997) observed a significant decrease in lead transport time through soil
as a result of rodent activity in a southern California location.

Vilomet et al. (2003) used isotopes to trace the leaching of lead from a landfill into
groundwater in France. The active landfill has been in use since 1900 and has no bottom liner.
Detectable quantities of leached lead were observed as far as 4600 m downgradient (Vilomet

et al., 2003).

2.3.6 Transportin Aquatic Systems

Chemical, biological, and mechanical processes govern the cycling of lead in aquatic
environments. Here we focus on the exchange between sediment and surface water, which is
affected by many different factors including salinity, the formation of organic complexes, redox
conditions, and pH (Arakel and Hongjun, 1992).

Lead enters surface waters from a number of sources. Atmospheric deposition is the
largest source, but urban runoff and industrial discharge are also significant (Peltier et al., 2003;
Hagner, 2002; Perkins et al., 2000). As expected, concentrations in surface waters are highest
near sources of pollution.

The dispersal of lead in waterways is relatively quick. If lead is emitted into waterways as
a point source, water concentrations decrease rapidly downstream of the source (Rhoads and
Cahill, 1999; Hagner, 2002; Kurkjian et al., 2004; Peltier et al., 2003). Lead is removed from the
water column through flushing, evaporation, or sedimentation (Schell and Barnes, 1986).
Kurkjian et al. (2004) note that first order approximations of concentrations of non-conservative

pollutants (such as lead) can be made by using the exponential decay curve:

C = C,e™ (2-11)
where C is the pollutant concentration, C, is the concentration at the source, x is the downstream
distance from the source, and k is the decay rate in km'. For the Debed River in Armenia,

Kurkjian et al. (2004) found that a decay rate of 0.57 km' provided the best fit to measured lead

concentrations.
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Metals in waterways are transported primarily as soluble chelates and ions, constituents of
PM, or by adsorption onto suspended organic or inorganic colloids (Arakel and Hongjun, 1992).
The last two are the most important for lead. The predominant chemical forms of lead that
interact with aqueous ecosystems are PbO and PbCOs (Schell and Barnes, 1986). Lead is
adsorbed on colloids that are typically secondary clay minerals, Fe-Mn oxides or hydroxides, or
organic compounds (Arakel and Hongjun, 1992). The concentration of lead appears to increase
with increasing salinity (Arakel and Hongjun, 1992).

Schell and Barnes (1986) describe water columns as “transient reservoirs” for pollutants.
They found mean residence times for lead in two lakes and a reservoir to be between 77 and
250 days, although it should be noted that residence times tend to be shorter in turbulent
waterways. Lead concentrations in water are attenuated by the presence of AI(OH);
precipitation, which is responsible for an estimated 54% of total lead loss, and by the adsorption
of lead onto other particles which settle out of the water column, which makes up the other 46%
of lead loss (Kurkjian et al., 2004). Schell and Barnes (1986) measured sedimentation rates for
anthropogenic lead, which ranged between 0.0360 g cm” a' and 0.0644 g cm” a'.

The concentration of lead in sediment roughly follows the concentration of lead in
overlying water (Kurkjian et al., 2004; Rhoads and Cahill, 1999). Thus, lead concentrations in
sediment are highest near sources and decrease downstream.

Lead preferentially sorbs onto small particles rather than large particles. Small grain sizes
and the larger surface area per unit weight lead to greater potential for adsorption (Rhoads and
Cahill, 1999). Concentrations of metals increase approximately logarithmically with decreasing
particle size.

Organic matter in sediment has a high capacity to accumulate trace elements. High humic
levels may lead to greater lead contamination in sediments (Rhoads and Cahill, 1999; Kiratli and
Ergin, 1996).

Sulfides are another potential source of lead adsorption. This is especially true under
anoxic conditions (Kiratli and Ergin, 1996; Perkins et al., 2000). An increase in the amount of
sulfide in pore water was shown to decrease the dissolved concentration of lead (Peltier et al.,

2003).
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Lead in sediment can also be sequestered on iron or manganese oxides (Peltier et al.,
2003; Gallon et al., 2004; Schintu et al., 1991). These forms may make lead susceptible to
recycling into the overlying water column (Schintu et al., 1991).

Lead appears to be relatively stable in sediment. It has a very long residence time, and
many studies suggest that lead is not mobile in the sediment. However, many other studies
suggest that lead-containing particles can be remobilized into the water column (Ritson et al.,
1999; Steding et al., 2000; Hlavay et al., 2001; Kurkjian et al., 2004; Peltier et al., 2003; Gallon
et al., 2004). For example, Steding et al. (2000) observe that isotopic concentrations of lead in
the San Francisco Bay match those of leaded gasoline from the 1960s and 1970s, suggesting that
recontamination by sediment may be a significant source of lead to overlying waters. Ritson
et al. (1999) similarly observed that there was a negligible reduction in lead concentrations in the
San Francisco Bay despite the closing of a nearby lead smelter, the implementation of municipal
effluent controls, and the elimination of lead additives to gasoline. That concentrations have
remained high may suggest recycling of sediment lead. Similarly, in a study of water lead
concentrations in the North Sea, concentrations of lead did not decrease significantly with the
elimination of major sources (Hagner, 2002). This also may indicate continued high rates of
atmospheric deposition or cycling of lead stored temporarily in sediment.

Modeling efforts of Gallon et al. (2004) indicate that processes that resuspend sediment
(such as diffusion, bioturbation, and bioirrigation) are small compared to sedimentation of
colloidal particles. Kurkjian et al. (2004) suggest a correction factor for equation (9) to account

for the contribution of lead from sediment.
C = C,e™+1 (2-12)

where I is the amount of lead that is resuspended into the water column. Depending on
the region of the river under discussion, the authors extrapolated I values in the range of

1.3-2.8 pg Pb/L.
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2.3.7 Plant Uptake

Plants that take up lead can be a source of lead exposure for wildlife, livestock, and
humans that consume contaminated plants. More thorough discussion of soil lead extraction by
plants and subsequent effects on ecosystem health can be found in Chapter 8.

Plants grown in soils contaminated by mine spoils (e.g., Cobb et al., 2000), smelting
operations (e.g., Barcan et al., 1998), sludge amendments (e.g., Dudka and Miller, 1999),
contaminated irrigation water (e.g., Al-Subu et al., 2003), or lead-containing agrochemicals (e.g.,
Azimi et al., 2004) have higher than natural concentrations of lead. In general, higher lead
concentrations in soils results in increased lead levels in plants.

Although the transfer of soil lead to plants and direct stomatal uptake of atmospherically
deposited lead are generally small, all plants accumulate lead to some degree (Finster et al.,
2004). The rate of uptake is affected by plant species, soil conditions, and lead species.

Of all the factors affecting root uptake, pH is believed to have the strongest effect (Dudka
and Miller, 1999). Acidic soils are more likely to have lead in solution and therefore available
for absorption. This is sometimes attenuated by liming.

Most lead in plants is stored in roots and very little is stored in fruits (e.g., Finster et al.,
2004; Cobb et al., 2000). Of 33 edible plants grown in urban gardens, roots had a median
concentration that was 12% of the soil lead concentration (Finster et al., 2004). Shoot lead, when
it was detectable, was just 27% of root lead. Root vegetables seem the most prone to lead uptake
followed by leafy vegetables (Dudka and Miller, 1999; Finster et al., 2004). Fruits and grains do
not seem as susceptible to lead contamination.

Metals that are applied to soil as salts (usually as sulfate, chloride, or nitrate salt) are
accumulated more readily than the same quantity of metal added via sewage sludge, flue dust, or
fly ash (Dudka and Miller, 1999). This is likely because metal salts lead to the formation of
metal chloride complexes and ion pairs, which can increase metal diffusion and subsequent root

uptake.

2.3.8 Routesof Exposurefor Livestock and Wildlife

There are many routes of exposure, including food ingestion, drinking water, and
inhalation for terrestrial organisms. For aquatic organisms, the main routes of exposure are food

ingestion and water intake. A few representative studies which have analyzed routes of lead
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exposure for livestock and wildlife are summarized here. For a discussion of health effects,
toxicity, and lead concentrations in animal tissue, the reader is directed to Chapter 8.

Lead concentration of plants ingested by animals is primarily a result of atmospheric
deposition of lead particles onto plant surfaces rather than uptake of soil lead through plant roots
(Steinnes, 2001; Palacios et al., 2002; Dudka and Miller, 1999). The uptake of lead by the
lowest trophic levels — invertebrates, phytoplankton, and krill for example — are some of the most
important avenues for introducing lead into food chains (Pilgrim and Hughes, 1994; Sanchez-
Hernandez, 2000; Hagner, 2002).

Some of the highest levels of lead exposure in animals occur near major sources like
smelters. In two studies of horses living near smelters, the estimated ingestion rate was in the
range of 2.4 to 99.5 mg Pb/kg body weight per day (Palacios et al., 2002) and 6.0 mg Pb/kg body
weight per day (Liu, 2003). Both exposure rates were well above the estimated fatal dose for
horses. Sheep grazing near smelters were similarly poisoned (Liu, 2003; Pilgrim and Hughes,
1994). Installation of pollution controls at a lead smelter in Slovenia greatly reduced the amount
of lead in nearby vegetation and the blood lead levels of cows grazing on this vegetation
(Zadnik, 2004). Lead concentrations in topsoil at this site have not declined in the 20 years since
the pollution controls were implemented.

The amount of lead entering the food chain depends highly on the species of the animal,
the species of their food, and where the organisms live. A study of sheep living in the
southernmost part of Norway, which is the most polluted part of the country, showed a strong
correlation between liver lead concentrations and moss concentrations (Steinnes, 2001). The
sheep fed almost exclusively on a grass that picks up atmospherically deposited lead easily.
Correspondingly high levels were also observed in hare and black grouse in this region.
Similarly, a study of lead concentrations in raccoon tissues showed much higher concentrations
in urban raccoons that rural raccoons (Khan et al., 1995). This may be because urban raccoons
are exposed to higher air concentrations, ingest human refuse, or frequently visit storm sewers.
In general, ruminant animals appear to be more resistant to lead ingestion than monogastric
animals (Humphreys, 1991).

Lead levels are somewhat elevated even in Antarctic animals (Sanchez-Hernandez, 2000).
Antarctic food systems are supported by krill (Euphausia superba), which is the primary food

source for organisms in higher trophic levels. Lead concentrations measured in E. superba were
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in the range of 0.17-12.0 ppm by dry weight. This is probably elevated above natural levels due
anthropogenic input (Sanchez-Hernandez, 2000).

Acute lead poisoning observed in Laysan albatross (Phoebastria immutabilis) chicks was
traced to the direct ingestion of paint chips by using isotopic analysis (Finkelstein et al., 2003).
Blood lead levels in P. immutabilis at the Midway Island National Wildlife Refuge had a
geometric mean of 190 ug/dL. P.immutabilis chicks at a reference site had blood lead levels of
4.5 pg/dL.

Contamination in mammals and fish livers was shown to be higher in highly polluted
coastal zones than in the open sea (Hagner, 2002). In foraminifers, which are meiobenthic
organisms, high sediment concentrations corresponded to high tissue concentrations. Sediment
concentrations were 10 to 20 times higher than foraminifer concentrations. Fish take in lead
either in their food or in water through their gills. The relative importance of these two
mechanisms depends largely on the fish species. A literature survey suggests that there has been
no observable decrease in fish muscle and liver concentrations of lead in twenty years in marine
or freshwater environments (Hagner, 2002). Lead concentrations in the harbor porpoise
(Phocoena phocoena) appear to increase with the age of the animal. This was not true for the
common seal (Phoca vitulina) (Hagner, 2002). Shrimp (Palaemonetes varians) were shown to
absorb 4 to 8% of the lead content of its prey (Boisson et al., 2003). Between 52% and 57% of
the lead accumulated from food was irreversibly retained in P. varians tissue. Just 2% of

dissolved lead accumulated from water was retained in tissue (Boisson et al., 2003).

24 METHODSFOR MEASURING ENVIRONMENTAL LEAD
The previous 1986 AQCD (U.S. Environmental Protection Agency, 1986) contained a

detailed review of sampling and analytical methods for lead in environmental media. Included in
that document were discussions of site selection criteria, sampling methods, sample preparation,
and analysis techniques. Furthermore, the document included discussion of sampling of lead
emissions from mobile and stationary sources. In this section, we present a brief summary of

sampling and analysis of lead. For a more comprehensive discussion, the reader is referred to the

1986 Lead AQCD.
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Emissions can be estimated from measurements at sources using grab samples, periodic
samples, or continuous monitoring. Determining the rate of emissions requires knowing both the
fluid flow rate and the concentration of lead in the fluid, usually air or water. Thus it is much
easier to measure emissions from stacks than it is to measure fugitive, diffuse, or nonpoint
emissions (Frey and Small, 2003).

Much of the recent improvement in measurement of lead emissions from sources is due to
better sampling and analytical equipment. For example, better dilution tunnels can provide
reliable samples from in-stack sampling, and improved analytical methods such as inductively
couple plasma mass spectrometry permit determination of lead at lower levels than in years past.
This means it is possible to obtain data from short sampling runs, permitting better time
resolution.

Wet deposition can be collected using precipitation buckets that seal tightly immediately
before and after rain. Dry deposition on land can be sampled using surrogate surfaces such as
Teflon plates (Davidson et al., 1985; Davidson and Wu, 1990), or alternatively by leaf-washing
(Lindberg and Lovett, 1985) or sampling throughfall precipitation that washes previously
deposited lead off the vegetation and onto the forest floor (Wu et al., 1992b). Dry deposition
onto bodies of water is more difficult to estimate, usually requiring airborne concentrations used
with deposition velocity estimates (Zufall and Davidson, 1997). Subsequent analysis of all of
these samples can be performed by atomic absorption spectrometry, neutron activation analysis,
x-ray fluorescence, or proton-induced x-ray emission (Koutrakis and Sioutas, 1996), or by
inductively-coupled plasma mass spectrometry (ICP-MS) (U.S. Environmental Protection
Agency, 1991).

Recently developed single-particle instruments can identify which particles contain lead,
and what other elements are present in the same particle. Information on the size of the particle
is also provided (Pekney et al., 2006; Silva and Prather, 1997). Although such instruments are
not able to determine the precise mass of lead in each particle, they can provide valuable data on
the characteristics of particles that contain lead from individual sources or source categories.
Such “fingerprinting” methods can be used to identify sources of lead-containing particles in the

environment.
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25 SUMMARY

The sources of airborne lead have been considered in three categories: natural sources,
stationary sources, and mobile sources. Nationwide, lead emissions fell 98% between 1970 and
2003 (U.S. Environmental Protection Agency, 2003). The elimination of alkyllead additives to
automotive gasoline was principally responsible for the drop, although lead emissions fell 5%
between 1993 and 2002 after the total phase-out of leaded fuel (U.S. Environmental Protection
Agency, 2003).

For most of the past 50 to 60 years, the primary use of Pb was as additives for gasoline.
Leaded gasoline use peaked in the 1970s, and worldwide consumption has declined since
(Nriagu, 1990). In 1970, on-road vehicles were responsible for 73% of lead emissions (U.S.
Environmental Protection Agency, 1994). In 2002, on-road vehicles contributed less than half
of a percent (U.S. Environmental Protection Agency, 2003). In every case where the lead
standard has been exceeded since 2002, stationary point sources were responsible

(www.epa.gov/air/oaqps/greenbk/inte.html).

Natural processes contribute a small amount to the overall load of lead in the
environment. Nriagu and Pacyna (1988) estimate mean global emissions are at least an order of
magnitude smaller than anthropogenic emissions. Natural sources include volcanoes, seasalt
spray, wild forest fires, wind-borne soil particles, and biogenic processes (Nriagu, 1989).

Stationary sources emitted an estimated 1,662,000 kilograms nationwide in 2000 (U.S.
Environmental Protection Agency, 2003). Currently, the major use of Pb in the United States is
in lead-acid batteries, for which the demand is increasing (Socolow and Thomas, 1997). Other
major uses are for glass, paints, pigments, and ammunition. United States consumption of Pb by
industry is shown in Figure 2-8. The consumption reached ~1.4 million metric tons per year in
the mid 1990s (Socolow and Thomas, 1997). Approximately 910,000 metric tons of this was
secondary production, indicating high rates of Pb recycling.

The largest source of Pb emissions was leaded gasoline throughout the 1970s and 1980s.
The largest emitters are now in the manufacturing sector, which includes lead-acid battery plants,
smelters, lead-alloy production facilities, and others (Harris and Davidson, 2005). These
emissions are not confined to the air—approximately 90 facilities nationwide generate 90% of
the lead-containing solid hazardous waste (Chadha et al., 1998). Nationwide air emissions in

2000 were estimated as 1885 metric tons from metals processing, 758 metric tons from
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Figure 2-8. Annual lead production and usein the U.S. (1968 and 2003).

Source: U.S. Bureau of Mines, 1968-1995 and USGS, 1996-2003.

incineration, 513 metric tons from transportation, primarily from avgas-fueled aircraft,
439 metric tons from fuel combustion for utility generation as well as industrial and commercial
purposes, 198 metric tons from Pb oxide and pigment production, and 48 metric tons from other
processes (U.S. Environmental Protection Agency, 2003).

Emission inventories for Pb have significant omissions and discrepancies (Harris et al.,
2006; Chadha et al., 1998). An analysis of four emission inventories for lead in southern
California showed that major emitters of lead were missed by all four databases, and that the
databases were not consistent with one another nor updated regularly (Harris et al., 2006). Thus,
the data above are probably a lower limit for Pb emissions. Efforts to develop accurate databases
of Pb emissions are needed.

The EPA Trends Report provides analysis of the available data on Pb emissions through
the year 2002 (http://www.epa.gov/airtrends/lead2/html) (U.S. Environmental Protection

Agency, 2003). Figure 2-9 shows the decline in estimated Pb emissions.
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Figure2-9. Trendsin U.S. air lead emissions, 1982-2002.

Source: U.S. Environmental Protection Agency (2003).

Air is the major transport route for lead emissions. Deposition of airborne pollutants to
surfaces has been observed in the most remote places on Earth, including the Arctic and
Antarctic. Mass balance calculations performed on an agricultural plot in France indicate that
atmospheric deposition is the dominant source of lead to soil even when lead-containing
fertilizer is applied (Azimi et al., 2004). However, on a local scale, solid waste disposal or mine
tailings may be the predominant source of soil lead.

A rigorous comparison of resuspension, leaching, and plant uptake “removal” rates for
soil lead has not been undertaken. Resuspension of lead-containing particles is likely the
dominant removal mechanism from surface soil when soil pH is high. Leaching may dominate
when soil pH is low. Leaching of lead through soil occurs more rapidly than uptake to pea or
wheat crops (Azimi et al., 2004). More research is needed to compare removal rates for other

plants with soil lead migration and resuspension rates.
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Surface waters are contaminated through several routes. On a global scale, sediment
resuspension and wet and dry deposition are the predominant contributors to lead concentrations
in surface water. On a local scale industrial effluent and urban runoff may dominate.

The major routes of lead transport into the food chain appear to be ingestion of
contaminated plants, ingestion of contaminated water, and inhalation of contaminated air.
Research into the relative importance of each of these transport routes is needed.

Measurements conducted in any ecosystem worldwide show some level of lead
contamination. Anthropogenic Pb reaches these ecosystems through many possible transport

routes, which are shown in Figure 2-10.
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Source: Modified from Zabel (1993).
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3. ROUTESOFHUMAN EXPOSURE TO LEAD AND
OBSERVED ENVIRONMENTAL CONCENTRATIONS

I ntroduction

Lead has been observed in measurable quantities in nearly every environmental media all
over the world. Thus, the routes of exposure and their relative contributions to body burden are
difficult to characterize fully. The relative contributions of lead sources to a person’s blood lead
level depend on the proximity of major sources to the workplace and residence of that individual,
the condition of the residence (especially the presence and condition of lead-based paint), and
whether the housing is located in an urban, suburban, or rural location.

In general, lead exposure has fallen with the elimination of leaded gasoline, lead-based
paint, and lead solder in cans. However, lead intake is cumulative, and lead poisoning is not
uncommon. Blood lead and bone lead are the common biomarkers for lead exposure that are
used in this chapter as biological indicators of human lead exposure.

A comprehensive analysis of multimedia concentrations of lead showed that people in
cities, especially in poor and minority-dominated neighborhoods, are the most at risk for lead
exposure (Chadha et al., 1998). In the Third National Health and Nutrition Examination Survey
(NHANES TIII), high blood lead levels were correlated with non-Hispanic black race/ethnicity,
low-income, and residence in older housing (Pirkle et al., 1998). These elevated lead levels were
associated with exposure to lead-based paint and lead-contaminated soil and dust. Another study
showed that the racial disparity in blood lead is likely due to differences in housing conditions
and environmental exposures (Lanphear et al., 1996). Higher blood lead levels in black children
were linked to higher rates of paint deterioration and higher levels of lead-contaminated dust
compared to residences housing white children. The authors conclude that the main reason for
the racial disparity in blood lead levels was that African American children were exposed to both
interior and exterior sources of lead, whereas white children were exposed primarily to exterior
sources of lead. Similarly, exposure analyses in Arizona showed that Hispanic populations were
exposed to more lead on a daily basis than non-Hispanics in the same sampling area (O’Rourke

et al., 1999).
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3.1 EXPOSURE: AIR
3.1.1 Routine Monitoring of Lead Within the U.S.

There are four long-term networks in the United States that provide data on ambient air
concentrations of lead, all funded in whole or in part by EPA. The first is the network of official
state/local lead monitoring stations which measure lead in total suspended particulate matter
(TSP), i.e., particles up to about 30 microns. These stations use samplers and laboratory analysis
methods which have either Federal Reference Method (FRM) or Federal Equivalence Method
(FEM) status. The FRM and FEM method descriptions can be found in 40 CFR part 50,
Appendix G. Sampling is conducted for 24-hour periods, with a typical sampling schedule of
1 in 6 days. About 250 sampling sites operated during 2005. These sites provide a total lead
measurement and are intended to be used for determining compliance with the lead NAAQS.
The locations of these sites are shown in Figure 3-1a. The state/local agencies which operate
these sites report the data to EPA’s Air Quality System where they are accessible via several
web-based tools. Many of the stations in this network have been in operation since the 1970s.
EPA’s series of annual air quality trends reports have used data from this network to quantify
trends in ambient concentrations of lead. The most recent Trends report for lead can be found at

http://www.epa.gov/airtrends/lead.html. Based data meeting strict requirements for

completeness, Figure 3-1b shows a sharply declining trend in overall U.S. airborne Pb
concentrations since 1983.

The second is a network of about 200 PM; s speciation sites. This network consists of
54 long-term trends sites [commonly referred to as the Speciation Trends Network (STN)] and
about 150 supplemental sites. Nearly all of these state/local sites are in urban areas, often at the
location of highest known PM; s concentrations. Sites in this network determine the lead
concentration in a PM; 5 sample and, as such, do not measure lead in the size fraction >2.5 pm in
diameter. Lead is quantified via the XRF method. The standard operating procedure for metals

by XRF is available at: http://www.epa.gov/ttnamtil/files/ambient/pm25/spec/xrfsop.pdf. Data are

managed through the Air Quality System. These sites generally began operation around 2000.
The locations of these sites are shown in Figure 3-2a and Figure 3-2b shows the average
maximum quarterly mean concentrations of Pb observed at those sites that were at or above

0.005 ug/m’ for 2002-2005.
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Figure 3-1b. Airborne concentrations of lead, averaged acrossthe U.S., shown in relation
tothecurrent NAAQS, for the years 1983 through 2002.
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Figure 3-2b. Theaverage maximum quarterly mean Pb concentrations observed in PM ;5
by the STN.
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The third network is the Interagency Monitoring of Protected Visual Environments
(IMPROVE) network, which measures PM; s air lead concentrations mainly in rural (Class 1)
areas. This network is administered by the National Park Service, largely with funding from
EPA on behalf of state air agencies that use the data to track trends in rural visibility. Lead in the
PM, s is again quantified via the XRF method. Data are managed and are accessible through the
IMPROVE website but are available through the Air Quality System. The oldest of these sites
began operation in 1988, while many others began operation in the mid 1990s. The locations of
these sites are shown in Figure 3-3a. There are 110 formally designated “IMPROVE” sites
located in or near national parks and other Class I visibility areas; virtually all of these are rural.
Approximately 80 additional sites at various urban and rural locations, requested and funded by
various parties, are also informally treated as part of the network. Samplers are operated on the
same 1 in 3 day schedule as the STN by several different federal, state, and tribal host agencies

(see: http://vista.cira.colostate.edu/IMPROVE/). Figure 3-3b shows IMPROVE sites that detect

air Pb concentrations in PM,; 5 at or above 0.0008 ug/m3 between 2000 and 2005.

Figure 3-3a. The MPROVE network of PM ;s monitors.
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Figure3-3b. IMPROVE siteswith Pb PM s concentrationsat or above 0.0008 pg/m?
between 2000 and 2005.

Finally, the National Air Toxics Trends Stations (NATTS) network of 23 sites monitors
urban and some rural areas. These sites are also operated by 22 state or local host agencies.
All collect particulate matter as PM, for toxic metals analysis and, as such, do not measure lead
in the size fraction >10 wm in diameter. Lead in the collected sample is quantified via the
ICP/MS method. The standard operating procedure for metals by ICP/MS is available at:

http://www.epa.gov/ttn/amtic/airtox.html. Data are managed through the Air Quality System.

These sites are relatively new, with 2004 being the first year in which all were operating. The

Air Quality System can be accessed at http://www.epa.gov/ttn/airs/airsaqs/ (see Figure 3-4a for

the locations of the NATTS monitoring sites). Figure 3-4b shows the most recent average

maximum quarterly mean concentrations of Pb observed in PM collected at the NATTS sites.
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Figure 3-4a. The National Air Toxics Trends Stations (NATTS) network.

In addition to these four long-term networks, various organizations have operated other
sampling sites yielding data on ambient air concentrations of lead, often for limited periods
and/or for primary purposes other than quantification of lead itself. Much but not all of these
data is accessible via the Air Quality System. In an effort to gather as much air toxics data,
including lead, into one database, the EPA and STAPPA/ALAPCO created the Air Toxics Data

Archive. The Air Toxics Data Archive can be accessed at: http://vista.cira.colostate.edu/atda/.

3.1.2 Observed Concentrations— Ambient Air

Widespread emissions from stationary and mobile sources, as well as resuspended soil,
have contributed to elevated airborne lead concentrations as described in Chapter 2. In fact,
airborne lead concentrations in many places throughout the world have been several orders of
magnitude higher than natural background levels for the past seventy years (Miller and
Friedland, 1994). The lowest concentrations measured are at the South Pole, where an average

concentration of 0.076 ng/m’ was recorded (Maenhaut et al., 1979). Even at this remote
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Figure 3-4b. Average maximum quarterly mean Pb concentrations measured at NATTS
network sites (2002-2005).

location, it is likely that the airborne lead levels are elevated above natural background. This is
evidenced by lead concentrations in Arctic ice sheets that have risen from <1 ng/kg in 800 BC to
200 ng/kg in the 1960’s (Murozumi et al., 1969).

Airborne concentrations of lead in the U.S. have fallen dramatically over the last 30 years
due largely to the phase out of leaded gasoline additives. Major declines over several orders of
magnitude have been observed not only in urban areas, but also in rural regions and remote
locations. Data taken at rural sites throughout the United States since 1979 showed a similar
decline (Eldred and Cahill, 1994).

The United States has not been the only country to experience a significant drop in lead
concentrations. In the early 1980’s, 5% of Europe’s urban population was exposed to

concentrations above the World Health Organization’s (WHO) recommended limit of 0.5 pg/m’
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for an annual average (Fenger, 1999; WHO, 2000). By the late 1980s, this value had fallen, and
very few locations reported concentrations above 0.5 pg/m’. These areas were primarily near
large, uncontrolled metal industries (Fenger, 1999). Notable decreases in airborne lead have
even been seen in remote locations. For example, measurements made in Bermuda between
1993 and 1994 showed that, despite its remote location, airborne lead concentrations had fallen
by an order of magnitude since the 1970s and by a factor of four since the 1980s (Huang, 1996).
Similarly, measurements taken at the South Pole were routinely below the detection limit in
2000-2001, which indicates a significant improvement in Antarctic air quality since the 1970s
(Arimoto et al., 2004). Table 3-1 lists examples of airborne lead concentrations at various
locations around the world during 1985 to 2005. It should be noted that concentrations are not
directly comparable due to different measurement time scales, sampling equipment, and
analytical methods.

Concentrations of airborne lead are sometimes several orders of magnitude higher in
urban areas compared to remote regions (Schroeder et al., 1987; Malm and Sisler, 2000). Rural
areas tend to have concentrations falling somewhere between those of urban and remote areas.
A comprehensive review of airborne lead concentrations throughout the U.S. showed that urban
areas had air lead concentrations up to 96,270 ng/m’, rural areas had air lead concentrations up to
1700 ng/m’, and remote areas had air lead concentrations up to 64 ng/m’. Thus, urban
populations are typically exposed to distinctly higher levels of airborne lead than rural or remote
residents.

According to the 1978 NAAQS, quarterly average airborne concentration of lead are not
to exceed 1.5 pg/m’. Between September 2001 and September 2002, there were just four areas
in the United States not in attainment of this standard: Liberty-Acadia, MO; Herculaneum, MO;
East Helena, MT; and Lame Deer, MT (U.S. Environmental Protection Agency, 2003). In 2004,
there were only two areas out of attainment (www.epa.gov/air/oaqps/greenbk/inte.html).

Some seasonal variability is common for lead concentrations. However, whether seasonal
variability is present depends on precipitation trends, changes in wind direction, and mixing
height variability for a given area. For example, a relative maximum was observed in the winter
in the Arctic because of the lack of precipitation during winter months (Heidam, 1986), whereas
a relative maximum was observed in the summer in Bermuda when winds come predominantly

from Africa and Europe (Huang, 1996). Chiaradia and Cupelin (2000) observed no seasonality
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Table 3-1. Examples of Airborne Concentrationsof Lead at Selected Sites Around the

World During 1985 to 2005.

Airborne Concentrations

(ng/m®) L ocation Reference
Urban

326+ 15.61in Boston, MA Thurston and Spengler (1985)

fine mode

75.6+5.95 in Boston, MA Thurston and Spengler (1985)

coarse mode

330 Clemson, SC Del Delumyea and Kalivretenos
(1987)

52 Akron, Oh Del Delumyea and Kalivretenos
(1987)

31 Norfolk, VA Del Delumyea and Kalivretenos
(1987)

64 Chicago, IL Del Delumyea and Kalivretenos
(1987)

12+6 Cadiz, Spain Torfs and Van Grieken (1997)

108 Bari, Italy Torfs and Van Grieken (1997)

64 +47 Malta, Malta Torfs and Van Grieken (1997)

110 £ 65 Eleusis, Greece Torfs and Van Grieken (1997)

4-444 Caesarea, Israel Erel et al. (1997)

758 Jerusalem-Tel Aviv freeway, Israel Erel et al. (1997)

45+16 Geneva, Switzerland Chiaradia and Cupelin (2000)

49 +43 Vancouver, BC Brewer and Belzer (2001)

13.1 Riverside, CA Hui (2002)

15.4-18.9 Los Angeles, CA Hui (2002)

6.9 San Francisco, CA Hui (2002)

22+17 Jerusalem, Israel Erel et al. (2002)

<40 Yerevan, Armenia Kurkjian et al. (2002)

230-650 St. Louis, MO Kim et al. (2005)

400-1000 Australia roadsides Al-Chalabi and Hawker (1997)

127-173 Hong Kong roadsides Chan et al. (2000)

46-113 Gothenburg, Sweden roadsides Sternbeck et al. (2002)

27.4 Birmingham, UK roadside Harrison et al. (2003)

Near Sourcesof Lead Emissions

1700-4000
960-1200

Fenceline of a lead smelter, CA, downwind

Fenceline of a lead smelter, CA, upwind

Kimbrough and Suffet (1995)
Kimbrough and Suffet (1995)
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Table 3-1 (cont’d). Examples of Airborne Concentrationsof Lead at Selected Sites
Around the World During 1985 to 2005

Airborne Concentrations
(ng/m?) L ocation
Rural (cont’d)

Reference

16 Packwood, WA Davidson et al. (1985)
9 Whiteface Mountain, NY Miller and Friedland (1994)
2.5 IMPROVE network Eldred and Cahill (1994)
0.54-6.34 IMPROVE network Malm and Sisler (2000)
28.6 Lake Balaton, Hungary Hlavay et al. (2001)
Remote
2.2 Olympic National Park Davidson et al. (1985)
4.6 Glacier National Park Davidson et al. (1985)
15 Great Smoky Mt. National Park Davidson et al. (1985)
0.04-3.2 Bermuda Huang et al. (1996)
<0.032 Antarctica Arimoto et al. (2004)

in lead concentrations in Geneva, Switzerland. Measurements taken at a number of U.S. and
French cities suggest some variation, based on seasonal differences in mixing height (Delumyea
and Kalivretenos, 1987).

Measurements made in Riverside, CA show diurnal trends (Singh et al., 2002). Lead
concentrations are high in the morning (6 a.m.-10 a.m.) and the late afternoon (4 p.m.-8 p.m.).
This is probably indicative of heavy traffic, despite the use of unleaded gasoline, a depressed
atmospheric mixing height in the morning, and advection from Los Angeles traffic. Lead

concentrations in Riverside are significantly lower during midday (10 a.m.-4 p.m.) and night

O© 0 9 O N b~ W N =
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(8 p.m.-6 a.m.).

Concentrations of lead are dependent on height. This is particularly true if lead is emitted

at street level from traffic. Measurements performed at roadsides in Hong Kong in 1997 show

much higher concentrations at breathing level than at rooftop level (Chan et al., 2000).

Similarly, lead concentrations measured at four elevations in Berne, Switzerland show a

pronounced decrease with height (Géelli and Nyffeler, 1987). Some leaded gasoline was still
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used in Hong Kong and Switzerland during these two studies. Measurements made in an urban
street canyon in Lahti, Finland show that concentrations declined by a factor of five between
street level (1.5m) and rooftop level (25m) (Vikeva et al., 1999).

As airborne concentrations of lead have fallen in the United States a corresponding
decrease in blood lead levels of the U.S. population has been observed. In a meta-analysis of
19 studies from six continents, a strong linear correlation was observed between blood lead
levels and gasoline lead levels (Thomas et al., 1999). As gasoline lead was reduced to zero in
the study countries, airborne lead concentrations declined and converged to less than 0.2 pg/m’,

and blood lead levels also declined, converging to a median of 3 pg/dL.

3.1.3 Observed Concentrations—Indoor Air

Concentrations of lead can be elevated indoors. Lead in indoor air is directly related to
lead in housedust, which poses both an inhalation and an ingestion risk and is discussed in more
detail in Section 3.2. Strong correlations have been observed in a Boston study between indoor
air, floor dust, and soil lead concentrations (Rabinowitz et al., 1985a). In the National Human
Exposure Assessment Survey (NHEXAS) study of six Midwestern states, concentrations of lead
in personal air were significantly higher than either indoor or outdoor concentrations of air lead
(Clayton et al., 1999). The predominant sources of indoor air lead are thought to be outdoor air
and degraded lead-based paint.

Lead concentrations are likely elevated somewhat in houses of smokers. In a nationwide
U.S. study, blood lead levels were 38% higher in children who exhibited high cotinine levels,
which reflect high secondhand smoke exposure (Mannino et al., 2003). Lead is present both in
tobacco and in tobacco smoke, although tobacco lead concentrations have fallen in parallel with
decreases in airborne lead concentrations (Mannino et al., 2003).

Another source of lead in residential air is metal-cored candlewicks. The U.S. Consumer
Product Safety Commission banned the use of metal-cored candlewicks that contain more than
0.06% lead as of October 15, 2003 (USGS, 2003). However, prior to this time, emissions of lead
from metal-core wicks were measured in the range of 0.5 to 66 pg/hour according to one study
(Nriagu and Kim, 2000) and 100 to 1700 pg/hour according to another study (Wassan et al.,
2002). In homes where such candles were burned, airborne concentrations could have been well

above ambient levels.
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3.1.4 Observed Concentrations— Occupational

Lead concentrations inside work places can also be elevated. Thus, inhalation of lead
during work hours is an additional route of exposure for some subpopulations.

Feng and Barratt (1994) measured concentrations of lead in two office buildings in the
United Kingdom. In general, concentrations in the UK office buildings were higher than
concentrations in nearby houses. Office dust was concentrated in the organic and residual
fractions, unlike house dust which was bound to carbonate and Fe-Mn oxides. This indicates
that offices and houses may have different lead sources. Office building lead also tends to be in
the coarse mode, unlike house dust that predominantly occurs in fine particles (Feng and Barratt,
1994).

As expected, concentrations of lead tend to be highly elevated within manufacturing
facilities for lead-based products (Rieuwerts et al., 1999; Harrison et al., 1981; Tsai et al., 1997).
Thus, occupational exposure can represent a major lead exposure route for employees working in
such facilities. For example, measurements taken in a battery manufacturing plant found lead
concentrations in floor dust to be 47,700 ppm outside of the assembly plant, 39,200 ppm inside
the assembly plant, and 73,700 ppm in the battery grid storage area (Rieuwerts et al., 1999).

In another study, airborne concentrations of lead in a battery manufacturing plant, a metallic film
capacitor plant, and a lead powder plant were 140 + 112 pg/m’, 281 + 114 pg/m’, and 485 + 245
ng/m’ respectively (Tsai et al., 1997). Work sites that use mechanical actions such as abrasion,
friction, and cutting typically generate large particles. However, work sites that use high
temperature operations generate small, respirable particles. At the three sites listed above,
particle sizes were predominantly >10 um in diameter (Tsai et al., 1997). A Pb-Zn smelter in the
UK similarly showed much larger lead particle sizes inside the facility than outside of the facility
(Harrison et al., 1981). This may be because concentrations are high enough indoors to
coagulate. Floor dusts (<60 pm) taken from each process site in the overall smelting process
contained the same lead species as the aerosols emitted from each process, which are discussed
in Section 2.2.

Residential renovation and paint removal are major sources of lead exposure for both
workers and residents. Dry sanding, abrasive blasting, and burning, welding, or heating surfaces
covered with lead-based paint typically generate highly dangerous levels of lead (Jacobs, 1998).

Geometric mean and maximum air lead concentrations observed during each of these processes
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(as reported by Jacobs, 1998) are listed in Table 3-2. Daniels et al. (2001) measured airborne
concentrations of lead during exterior paint removal from residences via wet abrasive blasting
technology. The eight-hour, time-weighted average (TWA) air exposures measured via personal
monitors ranged between 55.1 and 81.5 pg/m’. Area air concentrations were between 20.5 and

26.9 pg/m’.

Table 3-2. Airborne Concentrations Surrounding Residential
L ead-Based Paint Abatement

Geometric Mean Maximum Exposure

Abatement Technique (ng/m3) (ng/m®)
Preparation (e.g., carpet removal) 2 206
Abrasion 8 403
Chemical stripping 3 476
Encapsulation 2 72

Heat gun 7 915
Component replacement 3 121
Cleaning 2 590

Source: Jacobs (1998).

Lead-based paints were the predominant coating for U.S. highway bridges for many years.
Paint removal during bridge renovation projects has also been cited as a major source of lead
exposure for workers. As with residential renovation, lead concentrations during industrial paint
removal depend largely on the technology used. Generally, abrasive blasting techniques are
used, which breaks lead coatings into small particles that can be inhaled or ingested if hands are
not washed prior to eating or smoking (Chute and Mostaghim, 1991). Vacuum blasting may
reduce occupational exposures. Personal monitors worn during vacuum blasting on a bridge
registered air lead concentrations between 27 and 76 pg/m’ with a geometric mean of 55 pg/m’
(Mickelson and Johnston, 1995). Concentrations measured eleven meters from the removal
processes fell to 0.1 and 2 pg/m’ over an eight-hour TWA.

Certain types of mining operations can also result in occupational exposure to lead.
For example, lead concentrations measured in underground gold mines were somewhat elevated,

but comparable to ambient concentrations due to adequate air exchange (Annegarn et al., 1988).
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Air lead concentrations ranged between 1.4 pg/m’ and 800 pg/m’® and were highly dependent on
the process being undertaken (Annegarn et al., 1988). A source apportionment study in a
Nevada gold mine measured lead concentrations that averaged 0.21 pg/m’® (McDonald et al.,
2003).

Children of lead workers are also at increased risk for lead exposure. In a meta-analysis
of take-home lead exposure, the geometric mean blood lead level of children was 9.3 pg/dL
(Roscoe et al., 1999). This was significantly higher than the geometric mean of 3.6 pg/dL for
children overall. Similarly, 52% of children of lead workers had blood lead levels at or above
10 pg/dL, compared with just 8.9% of children nationwide (Roscoe et al., 1999). Having a
parent in an automobile body or maintenance occupation also appears to raise children’s blood

lead levels (Murgueytio et al., 1998a).

3.2 EXPOSURE: SOIL AND DUST

Contaminated soil can be a potential source of lead exposure for humans. Soil lead can be
directly ingested through hand-to-mouth behavior common in children, indirectly ingested
through contaminated food, or inhaled when breathing air containing resuspended soil particles.
Soil ingestion, as reported by parents, peaks during the second year of life and diminishes
thereafter (Lanphear et al., 2002).

Soil lead concentrations measured in urban, residential, and industrial areas are discussed
here. Soil lead concentrations in rural and remote areas, agricultural soils, and sediment are
addressed in Chapter 8 of this document. Information on the distribution of soil lead throughout
natural ecosystems is also covered in Chapter 8.

The natural background concentration of lead in soil is estimated to be in the range of 1 to
200 ppm, with an average of 15 ppm (Zimdahl and Skogerboe, 1977). It should be noted that
soil lead measurements are difficult to compare given the variety of extraction techniques and
depths of soil cores analyzed in each study.

The dominant source of lead to soil is atmospheric deposition both from local sources and
long-range transport (Erel et al., 1997; Markus and McBratney, 2001; Sheets et al., 2001).

In general soil in urban and residential areas is contaminated primarily via atmospheric

deposition, direct application of agricultural chemicals, and natural mineral weathering of parent
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rock (Paces, 1998). At a local level, soil lead contamination can be derived from agricultural and
food wastes, animal wastes and manure, logging and other wood-cutting activities, urban refuse,
municipal sewage sludge, miscellaneous organic wastes including excreta, solid wastes from
metal manufacturing, coal fly ash and bottom fly ash, peat for agricultural and fuel uses, wastage
of commercial products, mine tailings, and smelter slags and wastes (Nriagu and Pacyna, 1988).
Flaking and peeling of lead-based paint can also be a significant source of soil lead near old

structures (Small et al., 1995; Finkelstein et al., 2003).

Soil Response Times

The retention time for lead in the soil is much longer than it is in the air. The only
“removal” mechanisms for soil lead are resuspension, mechanical mixing from tilling,
landscaping and animals, and leaching, the last of which is known to be a slow process (see
Chapter 2 of this document for details). The retention time, or the amount of time required to
reduce the soil lead concentration by half; is estimated to be on the order of hundreds to
thousands of years (Dudka and Adriano, 1997). Box model estimates based on data for an
agricultural catchment in the Czech Republic predict that steady state concentrations for soil lead
will not be achieved for 980 years (Paces, 1998). Modeling efforts by Harris and Davidson
(2005) in southern California similarly predict that steady state concentrations of soil lead will
not be achieved for hundreds of years, assuming emission rates stay constant. The lowest
estimates of a response time are given by Miller and Friedland (1994) in the northeastern United
States. They estimate that soil lead concentrations in a northern hardwood forest zone will
stabilize in just 17 years and soil lead concentrations in a subalpine spruce-fir forest zone will
stabilize in 77 years. A later study in the same region estimated the response times as 60 years

and 150 years for the two forests, respectively (Kaste et al., 2003).

3.2.1 Urban Background Concentrations of Soil L ead

The concentration of soil lead varies significantly throughout urban areas depending on
proximity to stationary sources and roadways and on wind speed and direction.

The major sources of lead in urban soils are automotive traffic from the days of leaded
gasoline (Sheets et al., 2001; Mielke, 1993; Sutherland, 2000) and deteriorating exterior lead-

based paint. Soil concentrations decrease both with depth and distance from roadways. In one
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study of 831 homes in the U.S., 24% of housing units that had deteriorated, exterior, lead-based
paint had bare soil lead levels in excess of 1200 ppm (Jacobs et al., 2002). For housing units
without deteriorating paint, just 4% of homes had soil lead levels greater than 1200 ppm. In one
study of several urban areas, there was little correlation between soil lead and the age of nearby
houses, which suggests that lead-based paint may not be as significant of a source as automotive
lead under some conditions (Mielke, 1993).

Concentrations of lead in soil depend primarily on the size of the city and the location
within the city (Mielke, 1991, 1993). Extensive lead studies in Baltimore, New Orleans, and
cities throughout Minnesota found the highest concentrations of lead in the central sections of
each city, where traffic and population density are greatest (Mielke, 1991, 1993). The lowest
concentrations were found in the outskirts of these cities and in smaller cities. In all of these
studies, the age of housing did not seem to be a major factor, which suggests that the impacts of
lead-based paint may be dominated by historic emissions of leaded gasoline additives. However,
given that the highest concentrations are typically found in the inner city, generally
disproportionately populated by minorities and the poor, suggests that these groups are likely
most at risk for lead exposure from contaminated soil.

Some of the highest concentrations of soil lead are observed near major roadways.
Surface soil lead concentrations measured near a major freeway in Cincinnati, OH, fell between
59 ppm and 1980 ppm, which is well above background (Turer et al., 2001). These
concentrations dropped off dramatically with depth. An estimated 40% of lead from automobile
exhaust is retained in the nearby soil (Turer et al., 2001).

Measurements of Erel et al. (1997) in Israel show that soil lead concentrations decrease
more rapidly with depth near roadways than far from roadways. In a soil profile extracted near a
local road, lead concentrations fell by a factor of 42 between the surface and 30 to 36 cm from
the surface. However, far from the roadway, lead concentrations fell by about a factor of
3 between the surface and 30 to 36 cm below the surface.

Several authors making measurements during the days of leaded gasoline usage reported
elevated lead concentrations in soil that decrease with distance from roadways. For example,
Pierson and Brachaczek (1976) reported soil lead levels that decreased from >1000 ppm adjacent
to the road down to less than 200 ppm at 12.5 m from the roadway edge. These concentrations

have likely stayed high despite the elimination of leaded gasoline use. Harris and Davidson
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(2005) have also shown through use of a mass balance model that elevated lead concentrationsin
soil are likely to remain high for hundreds of years; and thisis consistent with other studies
showing similarly long residence timesin soil (e.g., Dudka and Adriano, 1997).

Soil lead concentrations in urban areas are generally higher than soil lead concentrations
in rural or remote areas. The average concentrations of soil lead in urban areas are shown in
Table 3-3. In many cases, these data represent averages of soil lead levels across commercial,

residential, and public areas, which include a wide range of concentrations.

Table 3-3. Concentration of Soil Lead in Urban Areas

Location S oil conc. (ppm) Depth (cm) Reference

S pringfield, MO 107 + 8 0-15 S heets etal., 2001
Urban locations throughout E gypt 23-200 0-30 Badawy et al., 2002
southern California 65.2, 66.3, 99.4 0-10 Young et al.,, 2002
central New Orleans, LA 4-69000 0-2.5 Mielke, 1993

outer New Orleans, LA 1-24400 0-2.5 Mielke, 1993
suburban New Orleans, LA 2-5650 0-2.5 Mielke, 1993

Baton Rouge, LA 2-6680 0-2.5 Mielke, 1993
Monroe, LA 8-11600 0-2.5 Mielke, 1993
Alexandria, LA 6-2590 0-2.5 Mielke, 1993
Lafayette, LA 6-8860 0-2.5 Mielke, 1993
Natchitoches, LA 6-1430 0-2.5 Mielke, 1993

R eno-S parks, NV ~10 0-1 Gillies et al., 1999
Manoa, Hawaii 58 + 27 0-2.5 Sutherland, 2000
Gainesville, FL ~16 0-20 C hirenje et al.,, 2004
Miami, FL ~93 0-10 Chirenje et al.,, 2004

Several studies have assessed the impact of soil lead concentrations on blood lead levels.
Without accounting for other sources of lead intake, Duggan and Inskip (1985) estimated that,
for every 1000 ppm increase in soil lead concentration, children’s blood lead levels increase
5 ug/dL. Aschengrau et a. (1994) reported decreases in blood lead levels of 1.12 to 1.35 pg/dL
for 1000 ppm reductionsin soil lead concentrations during arandomized control trial. The
results of a pooled analysis of 12 studies showed a 3.8 pg/dL increase in blood lead levels per
1000 ppm increase in soil lead levels (Lanphear et a., 1998). Soil abatement at a Superfund site
resulted in a 3.5 pg/dL decreasein blood lead levels for 6 to 36 month old children (Lanphear
et a., 2003). A smaller reduction in blood lead levels was observed for 36 to 72 month old
children because of age differences, lead intake from other sources, and mouthing behaviors.

Murgueytio et a. (1998b) observed a 2.8 ug/dL increase in blood lead levels with increases in
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soil concentrations of 1000 ppm. Accounting for age differences and, therefore, the
redistribution of bone lead stores, (Gwiazda et al., 2005) reconciles many of the apparent
differences between the results of the Lanphear et al. (1998, 2003), Murgueytio et al. (1998b),
and Aschengrau et al. (1994) studies.

3.2.2 Soil Concentrations Near Stationary Sour ces
Concentrations Near Lead Smelters

Lead in soil is highly elevated near sources of lead emissions. In particular, areas around
stationary facilities such as smelters and battery disposal sites can have very high levels of soil
lead.

Major smelter deposits exist primarily within a 0.5 km radius of the stack (Chatterjee and
Banerjee, 1999; Rieuwerts et al., 1999) although some studies observe elevated concentrations of
lead as far away as 30 km (Liu, 2003). Franssens et al. (2004) used isotopic measurements to
show that between 50% and 80% of dry depositing lead within a 3 to 4 km radius of a lead-zinc
smelter had an industrial origin.

Soil concentrations of lead decrease dramatically with distance from the source and
depend greatly on windspeed and direction (Kimbrough and Suffet, 1995; Palacios et al., 2002;
Suchara and Sucharova, 2004). Godin et al. (1985) measured soil lead concentrations that were
almost proportional to the inverse of the distance from the source and the square root of the wind
direction frequency. Suchara and Sucharova (2004) estimated an exponential decrease in soil
lead concentration with distance from a lead smelter in the Czech Republic. Data collected
within a 14 km radius showed an exponential decrease in soil lead concentration with distance
from the source. Exponential decreases in soil concentrations have been suggested elsewhere, as
well (e.g., Chatterjee and Banerjee, 1999; Rieuwerts et al., 1999). Results of Chatterjee and
Banerjee (1999) indicate that lead concentrations remain relatively constant within about 250
meters of the source and decrease with distance after this. Examples of data showing decreases
in soil concentration with distance from major sources are shown in Table 3-4.

As in the case for urban soils, lead concentrations decrease significantly with depth near
industrial sites. As an example, Table 3-5 lists a lead concentration profile measured near a lead

smelter in northern France.
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Table 3-4. Concentrationsof Soil L ead with Distancefrom Lead Smelters

Distance from Concentration
Smelter (m) (ppm, dry weight)
Fenceline 2300, 46700 + 2100™°, 12650
20 5657%"
30 39374!
40 3253%!
100 783%1312.8 + 98.7%* 1800™*
123 - 256 636 + 522
250 229%! 20200 + 1100*°
400 127!
500 400 + 20
700 7927
1500 519%
3000 242¢3
5000 216.7 £ 87.6%%, 137%
10000 110.3 + 76.4%
20000 57.4 +24.9%
30000 32.9 +21.4%

Note: In cases where multiple transects were sampled, only the downwind transects are shown.
Values are given as mean =+ standard deviation.

"Depth sampled was not defined 'Palacios et al. (2002)

°Sample depth was 0-5 cm ’Liu (2003)

“Sample depth was 0-10 cm *Godin et al. (1985)

Sample depth was 0-15 cm *Kimbrough and Suffet (1995)
“Sample depth was 0-30 cm >Chatterjee and Banerjee (1999)

SRieuwerts et al. (1999)
"Venditti et al. (2000)
*Young et al. (2002)
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Table 3-5. Soil Lead Concentration Profile Measured Near a
Lead Smelter in Northern France

Depth (cm) Soil Horizon Soil Conc. (ppm)

0-6 Oi 2340
6-9 Oa 4480
9-36 Ag 383

36-50 ABg 21.7
50-70 BAg 18.2
70-85 Bg 17.1

85-120 1IC2¢g 12.4
120-165 IIC3g 10.2

Source: Denaix et al. (2001).

The species of metals found near smelters vary depending on soil conditions. One study
observed lead in topsoil that was either in the form Pbs(PO4);Cl or Pb(II) compounds that were
adsorbed onto Fe(II) oxides or associated with clay particles (Batonneau et al., 2004). Other
measurements at a site contaminated with automotive battery wastes showed lead species in the
soil to be Pb(CO);, Pb(CO3),, Pb(OH),, PbO, and PbSO4 (Pichtel et al., 2000). Additional
studies have shown lead contamination bonded to bacteria (Denaix et al., 2001), carbonate
(Maskall and Thornton, 1998; Pichtel et al., 2000; Venditti et al., 2000), sulfide phases (Pichtel
et al., 2000; Venditti et al., 2000), organic phases (Pichtel et al., 2000; Venditti et al., 2000) and
Fe-Mn oxides (Venditti et al., 2000). The prevalence of carbonate forms in contaminated soil is
due to coinciding contamination with calcareous slag wastes (Maskall and Thornton, 1998).

Lead concentrations do not appear to have decreased in areas surrounding smelters despite
the implementation of pollution controls. A smelter in Slovenia was fitted with protective filters
in 1978 (Zadnik, 2004). Since that time, concentrations have fallen dramatically in hay samples
and cow blood within 10 km of the smelter; however, soil concentrations in areas around the
smelter did not decrease between 1978 and 2003 (Zadnik, 2004). Similarly, a lead-zinc smelter
in British Columbia, Canada was replaced by a new smelting facility in 1997 (Hilts, 2003).
Airborne concentrations fell by nearly 75%, and lead concentrations fell by 50% in outdoor

dustfall, street dust, and indoor dustfall. However, no statistically significant decline was
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observed in soil lead concentrations nor in lead concentrations in carpeting inside nearby
residences (Hilts, 2003). Soil lead concentrations at five U.S. factory sites, which had closed
decades ago, were elevated as well (Rabinowitz, 2005). Also, many sites where smelters had
previously operated and are unrecognized as such (Eckel et al., 2001) may represent a previously

unidentified exposure risk for nearby populations.

Concentrations Near Mines

Concentrations of lead are highly elevated near mines as well. Lead and zinc mines in
particular have large deposits of lead in nearby soil, but mines used for extracting other metals
can also have lead-contaminated soil. Mine sites are contaminated by the disposal of mine
tailings, acid mine drainage, and atmospheric deposition of airborne emissions (Dudka and
Adriano, 1997). Mines in the United States produced an estimated 480 Tg of lead tailings and
50 Tg of lead mine wastes between 1910 and 1981 (Dudka and Adriano, 1997).

Lead is widely dispersed in areas surrounding mining sites (Dudka and Adriano, 1997;
Rieuwerts and Farago, 1995). Thus, it is not easy to determine a relationship between distance
and soil concentration, as is the case for smelting emissions. However, a study of an abandoned
lead-zinc mine in Tyndrum, Scotland located near a river showed that fluvial transport had
carried lead contamination at least as far as 6.5 km, although contamination is suspected as far as
25 km downstream (MacKenzie and Pulford, 2002). Examples of soil concentrations measured
near mining sites are shown in Table 3-6.

Lead is found in many different forms near mining sites. It is commonly found in its
mineral form of galena (Rieuwerts and Farago, 1995; Dudka and Adriano, 1997). However,
in mine spoils, lead is also found as plumbojarosite [PbFes(SO4)4(OH);2], pyromorphite
[Pbs(PO4);Cl], lead carbonate [PbCOs], leadhillite [PbsSO4(CO3),(OH),], PbS+Bi,Ss, lead
oxides, lead silicates, and lead sulfate [PbSO4] (Rieuwerts and Farago, 1995; Mbila and
Thompson, 2004).

Lead tends to be more heavily concentrated in smaller soil grain sizes than in larger grain
sizes (MacKenzie and Pulford, 2002). Results of one study are listed in Table 3-7. Young et al.
(2002) observed that the lead concentration was much higher in the < 38 pm size range than in
the 300 um to 2 mm size range in contaminated soils. This is likely due to the higher specific

surface area of smaller soil particles and the fact that lead tends to bond with organic matter and
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Table 3-6. Soil Concentrations M easured Near Mining Sites

Mean
Typeof  Main Period of  Depth conc.
L ocation Mine Operation (cm) (ppm) Reference
Wales, UK Pb historic, 0-15 1159 Gallacher et al. (1984) (taken from
not specified Rieuwerts and Farago, 1995)
Halkyn, UK Pb-Zn 1845-1938 0-15 1127 Davies et al. (1985) (taken from
Rieuwerts and Farago, 1995)
Shipham, UK Zn, Pb 1700-1850 0-15 7900 Mattigod et al. (1986) (taken from
Rieuwerts and Farago, 1995)
Shipham, UK Zn, Pb 1650-1850 0-5 2002 Thornton et al. (1988) (taken from
Rieuwerts and Farago, 1995)
Derbys, UK Pb 18th and 0-5 5610 Thornton (1990) (taken from
19th cent. Rieuwerts and Farago, 1995
Winster, UK Pb Up to end of 0-5 7140 Cotter-Howells and Thornton
18th cent. (1991) (taken from Rieuwerts and
Farago, 1995)
Leadville, US Pb 1860s—1960s n.a. 1110 Cook et al. (1993) (taken from
Rieuwerts and Farago, 1995
Derbys, UK Pb 18th and 0-15 1800 Li and Thornton (1993) (taken from
19th cent. Rieuwerts and Farago, 1995)
Shipham, UK Zn, Pb 18th and 0-15 7360 Li and Thornton (1993) (taken from
19th cent. (max) Rieuwerts and Farago, 1995)
Pribram, Czech Pb 18th—20th cent. 0-5 1451 Rieuwerts and Farago (1996)
Republic (taken from Rieuwerts and
Farago, 1995)
Tyndrum, Pb-Zn Up to 1862 n.a. 13000 MacKenzie and Pulford (2002)
Scotland
Goldenville, Au 1869-1927 n.a. 70-120 Wong et al. (2002)
Canada
Sao Domingos, Cu Pre-Roman— 0-30 2694 Freitas et al. (2004)
Portugal Roman times
Jasper County, Pb 1850-1957 n.a. 574 £691 Murgueytio et al. (1998b)
Missouri, U.S.
Dubuque, lowa, Zn, Pb 19th century 0-20 791 Mbila and Thompson (2004)
uU.S.
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Table 3-7. Concentrations of Lead in Soils Grouped by Soil Grain Size

Size Fraction Pb conc. of main Pb conc. of processing
mine waste sitewaste

>180 um 0.91% 17%

53-180 pm 1.5% 14%

<53 pm 4.5% 18%

Source: MacKenzie and Pulford (2002).

Fe/Al oxides, which can also concentrate in smaller size particles (Young et al., 2002).
Additionally, Rieuwerts and Farago (1995) note that soil lead particles are typically larger in
mining areas than in smelting areas.

Lead concentrations in peat have also been shown to decrease with depth. Figure 3-5
illustrates two peat profiles sampled near an abandoned lead mine.

Blood lead levels are typically elevated for people living near lead mines. Soil collected
at residences near the Tar Creek Superfund Site, which is a lead mining area in northeastern
Oklahoma, showed wind-dispersed mine wastes (Lynch et al., 2000). More than 20% of soils
exceeded the EPA action level of 500 ppm and children’s blood lead levels tended to be higher
when compared to children living outside the Superfund towns. In this same area, Malcoe et al.
(2002) showed that blood lead levels were highest among African American, Mexican American,
and poor children. Blood lead levels were most commonly correlated with mean floor dust lead
loading and with soil lead, especially front yard soil (Malcoe et al., 2002). At the Jasper County
Superfund Site in southwestern Missouri, homes had significantly higher soil and dust lead levels
and significantly higher blood lead levels than areas outside of the Superfund site (Murgueytio
et al., 1998b). There was a strong statistical relationship observed there between blood lead

levels and dust, soil, and paint lead.
3.2.3 Observed Concentrations—House Dust

Given the large amount of time people spend indoors, exposure to lead in dusts and indoor

air can be significant. For children, dust ingested via hand-to-mouth activity may be a more
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Figure 3-5. Thechangesin lead concentration with depth in two peat cores. Core A was
taken at alocation adjacent to the ore processing ar ea of the abandoned lead
minein Tyndrum, Scotland. Core B wastaken 0.5 km from the main mine
waste dump at the same site.

Source: MacKenzie and Pulford (2002).

important source of lead exposure than inhalation (Adgate et al., 1998; Oliver et al., 1999).
However, dust can be resuspended through household activities (e.g., Ferro et al., 2004), thereby
posing an inhalation risk as well. The particle size of “dust” is not well defined, although 50 pm
or 75 um in diameter is sometimes given as an upper limit. In a study performed in the UK, lead
in housedust tended to be bound to the carbonate or Fe-Mn oxides (Feng and Barratt, 1994).
Lead in housedust can derive from a number of different sources. Lead appears both to
come from sources outside the home (Jones et al., 2000; Adgate et al., 1998) and from lead’
based paint (Hunt et al., 1993; Lanphear et al., 1996). A chemical mass balance study in Jersey

City, NJ observed that crustal sources contributed almost half of the lead in residences, lead-
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based paint contributed about a third, and deposition of airborne lead contributed the remainder
(Adgate et al., 1998). Residential concentrations measured at the Bunker Hill Superfund Site in
northern Idaho indicate that the concentration in houses depends primarily on the neighborhood
soil concentration (von Lindern et al., 2003a, 2003b). However, factors such as household
hygiene, the number of adults living in the house, and the number of hours children spend
playing outside were also shown to affect concentrations. Using a classification scheme, Hunt
et al. (1993) identified sources of lead in housedust in London for various particle size ranges.

In the 64 to 1000 um size range, the predominant source of lead was lead-based paint. However,
in the <64 um size bin, paint, road dust, and garden soil were significant contributors. Lead
deposition measured on an interior plate near an open window, an unsheltered exterior plate, and
a sheltered exterior plate in New York City were 4.8, 14.2, and 32.3 pg/(ft* week) (52, 153, and
348 ug/(m2 week)), respectively (Caravanos et al., 2006). Data from a control (interior plate,
closed window) showed deposition that was primarily from exterior, environmental sources

as well.

Living near a smelter or a mine contributes significantly to the lead load in residences
(Rieuwerts and Farago, 1995; Rieuwerts et al., 1999; Sterling et al., 1998). Homes of mine and
smelter employees tend to have lead levels elevated above those of nearby houses indicating that
lead can be transported into homes via workers (Rieuwerts et al., 1999). In a US study, mining
wastes, paint, and soil were all shown to contribute to housedust (Sterling et al., 1998). Soil and
mining wastes accounted for more than 50% of lead in housedust. Lead-based paint contributed
16-23% of lead in housedust in a mining community (Sterling et al., 1998).

Renovation, and especially old paint removal, can greatly increase lead levels inside the
home (Mielke et al., 2001; Laxen et al., 1987; Jacobs, 1998). Removal of exterior paint via
power sanding released an estimated 7.4 kg of lead as dust, causing lead levels inside one house
to be well above safe levels (Mielke et al., 2001). Remaining in a residence during the deleading
procedure can be acutely dangerous (Rey-Alvarez and Menke-Hargrave, 1987). Deleading by
dry-scraping and sanding has been shown to raise children’s blood lead levels during the process,
but deleading by covering or replacing painted surfaces decreased children’s blood lead levels
during the abatement process (Amitai et al., 1991). Excessive lead exposure can occur even after
lead abatement. In one prospective controlled study, an average blood lead increase of 6.5 pg/dL

was observed among children whose homes had undergone lead-based paint abatement
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(Aschengrau et al., 1997). Clark et al. (2004) found that despite adherence to US Department of
Housing and Urban Development (HUD) post-abatement standards, six month old children who
lived in houses that had recently undergone lead abatement were eleven times more likely to
have blood lead levels increase by 5 pug/dL or more compared to a control group. These studies
suggest that existing clearance standards may be inadequate to protect children from lead
following abatement or other lead hazard controls (Clark et al., 2004).

Examples of lead concentrations measured in house dust, school dust, and nursing home
dust are shown in Table 3-8. It should be noted that dust lead loadings may be better predictors
of blood lead levels than dust concentrations (Lanphear et al., 1995, 1998). Standards for
residential lead loadings of housedust were set by EPA in 2001 to be 40 pg/ft* (430 pg/m?) for
floors and 250 pg/ft* (2690 pg/m?) for windowsills.

An additional concern is attic dust or dust found in roof cavities. Significant deposits of
atmospheric lead can build up in these spaces. This dust can seep into living spaces through
ceiling decorative artwork, cracks between the wall and ceiling, electric light fittings, wall vents,
or exhaust, roof, and ceiling fans (Davis and Gulson, 2005). Additionally, renovations, housing
additions, ceiling collapses, and storm damage can produce large plumes of attic dust (Davis and
Gulson, 2005).

Studies comparing lead concentrations in attic dust with house age showed an excellent
correlation between attic dust lead levels and ambient air concentration data measured
throughout the lifetime of the house (Chiaradia et al., 1997; Ilacqua et al., 2003). Attic dust may
even serve as a proxy for estimating historic ambient concentrations, although the resolution on
such calculations would be low. Attic dust lead concentrations measured in Australia were an
order of magnitude higher in houses near a copper smelter compared with houses far from the
smelter (Chiaradia et al., 1997). However, isotopic analyses showed that alkyl-lead additives
were the dominant source of lead contamination in attic dust, overall suggesting that gasoline
emissions had a greater influence than the smelter. The geometric mean concentration of lead
measured in attics in Sydney was 1660 ppm near industrial sites, 1173 ppm near semi-industrial
sites, 447 ppm in non-industrial sites, and 16 ppm in background crustal materials (Davis and
Gulson, 2005).

Even at low concentrations, lead in housedust can have an effect on children’s blood lead

levels. Epidemiological studies show that, at a median floor dust lead level of 5 pg/ft’
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Table 3-8. Examples of Lead Concentrationsin Indoor Dust

Concentration of Lead

(ppm unlessotherwiseindicated)  Location Surface Reference
503 (mean) Edinburgh Scotland Floor dust Laxen et al. (1987)
308 (median) Edinburgh Scotland Floor dust Laxen et al. (1987)
43-13,600 Edinburgh Scotland Floor dust Laxen et al. (1987)
9 (geometric mean) Various parts of Denmark Floor dust Jensen (1992)
1.5-48.9 Various parts of Denmark Floor dust Jensen (1992)
117-362 UK Floor dust Feng and Barratt (1994)
1598 Helena and Silver Valleys, US Schilling and Bain (1988)*
(near 2 Pb smelters)
3025-4140 Trail, B.C. Canada (near Pb smelter) Hertzman et al. (1991)°
1283 Illinois (near Pb smelter) Kimbrough et al. (1994)*
114-185 Landskrona, Sweden (near Pb smelter) Floor dust Farago et al. (1999)
1984 Pribram, Czech Republic (near Pb smelter) Floor dust Rieuwerts and Farago (1996)
348 Wales, UK (near a mining site) Floor dust Gallacher et al. (1984)°
340 Halkyn, UK (near a mining site) Floor dust Davies et al. (1985)"
786 Shipham, UK (near a mining site) Floor dust Thornton (1988)*
1870 Derbys, UK (near a mining site) Floor dust Thornton et al. (1990)°
1560 Winster, UK (near a mining site) Floor dust Cotter-Howells and Thornton (1991)*
726 Leadville, US (near a mining site) Cook et al. (1993)*
435 Pribram, Czech Republic (near a mining site) Floor dust Rieuwerts and Farago (1996)
857 £ 91 ppm in PMg, Jersey City, NJ Floor dust Adgate et al. (1998)
1133 £ 119 ppm in PM;, Jersey City, NJ Floor dust Adgate et al. (1998)
975 ppm in PMs; Public school in Port Pirie, Australia Floor dust Oliver et al. (1999)
481 ppm in PM,s, Public school in Port Pirie, Australia Floor dust Oliver et al. (1999)
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Table 3-8 (cont). Examples of Lead Concentrationsin Indoor Dust

Concentration of Lead
(ppm unless otherwise indicated)

Location

Surface

Reference

1693-6799 ppm in PMs;
1407-4590 ppm in PM,s
954

14.4 (ng/m’)

26.8 (ng/m’)

558 £ 544 ppm in TSP
612 £ 518 ppm in PM,,
547 £ 512 ppm in PM; 5
5140 (ug/m’)

18230 (pg/m?)

24,6 (ng/m’)

3158 (ng/m?)

219.3 (ng/m?)

89.3 (ng/m?)

191.5 (ng/m?)

26.9 (ng/m?)

20.7 (ng/m?)

50.9 (ng/m’)

95.5 (ng/m°)

65.8 (ng/m’)

39.6 (ng/m?)

63.6 (ng/m’)

Houses in Port Pirie, Australia
Houses in Port Pirie, Australia
Households in Midwest, US
Households in Midwest, US
Households in Midwest, US
Nursing homes in Vienna
Nursing homes in Vienna
Nursing homes in Vienna
Households in Midwest, US
Households in Midwest, US
Boston, MA

Cincinnati, OH

Cincinnati, OH

Rochester, NY

Rochester, NY

Butte, MT

Bingham Creek, UT
Leadville, CO

Magna, UT

Sandy, UT

Midvale, UT

Palmerton, PA

Floor dust
Floor dust
Windowsill dust
Airborne
Airborne, personal air
Airborne
Airborne
Airborne
Surface dust
Windowsill dust
Floor dust
Floor dust
Floor dust
Floor dust
Floor dust
Floor dust
Floor dust
Floor dust
Floor dust
Floor dust
Floor dust
Floor dust

Oliver et al. (1999)

Oliver et al. (1999)

Clayton et al. (1999)

Clayton et al. (1999)

Clayton et al. (1999)
Komarnicki (2005)
Komarnicki (2005)
Komarnicki (2005)

Clayton et al. (1999)

Clayton et al. (1999)

cited in Lanphear et al. (1998)
cited in Lanphear et al. (1998)
cited in Lanphear et al. (1998)
cited in Lanphear et al. (1998)
cited in Lanphear et al. (1998)
cited in Lanphear et al. (1998)
cited in Lanphear et al. (1998)
cited in Lanphear et al. (1998)
cited in Lanphear et al. (1998)
cited in Lanphear et al. (1998)
cited in Lanphear et al. (1998)
cited in Lanphear et al. (1998)

*Cited in Rieuwerts and Farago (1995).
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(54 pg/m?), approximately 5% of children have blood lead levels >10 pg/dL (Lanphear et al.,
1998, 2005; Malcoe et al., 2002). At a floor dust lead loading of 50 pg/ft* (540 ug/m?), the
percentage of children with blood lead levels >10 pug/dL rose to 20% (Lanphear et al., 1998).

In another study, children exposed to floor dust lead loadings in excess of 25 pg/ft* (270 pg/m?)
were at eight times greater risk of having blood lead levels >10 pg/dL compared to children
exposed to levels below 2.5 pug/ft* (27 pg/m?) (Lanphear et al., 2005).

Throughout early childhood, floor dust lead contamination is a source of exposure. Lead-
contaminated windowsill dust becomes an additional source of lead intake during the second
year of life when children stand upright. Because of normal mouthing behaviors and increased
mobility, the highest blood lead levels are seen in children between 18 and 36 months of age
(Clark et al., 1991). This peak is observed after a rapid rise in blood lead levels between 6 and
12 months.

3.24 Concentrationsof Lead in Road Dust

Elevated concentrations of lead in road dust pose an important exposure risk through wind
and traffic resuspension, as outlined in Chapter 2 of this document.

The primary source of lead in road dust is adjacent soil (de Miguel et al., 1997). However
traffic emissions, the weathering and corrosion of building materials (de Miguel et al., 1997), and
brake pad wear (Garg et al., 2000) are additional sources. Between 60 to 90% of the mass of
road dust consists of soil particles (Adgate et al., 1998). Soil is still an important reservoir for
lead emitted from vehicles despite the widespread phase out of leaded gasoline. The
concentration of lead in road dust is generally elevated above background. This is particularly
true in urban areas. Additionally, measurements reported in 2003 in the San Joaquin Valley of
California show concentrations that are significantly lower than concentrations measured in the
same area in 1987 (Chow et al., 2003). Examples of road dust lead data reported in the literature
are listed in Table 3-9.

Metals in road dust tend to be associated with small size grains. Measurements of Kuang
et al. (2004) show that metals are concentrated in grains smaller than 0.125 mm in diameter.

De Miguel et al. (1997) observe a steep gradient in road dust concentrations of lead in the
north-south direction in Oslo, Norway. This indicates that lead concentrations are much higher

in the highly urbanized areas and lower in the suburban and residential areas. This is consistent
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Table 3-9. The Concentration of Lead in Road Dust

Conc. of Lead (ppm)

Location

Land Use

Reference

180+ 14 Oslo, Norway urban, paved road de Miguel etal., 1997
1927 +508 Madrid, S pain urban, paved road de Miguel etal.,, 1997
536 +39 Calcutta, India near lead smelter, paved Chatterjee and Banerjee, 1999
5724273 Beijing, Chinga urban, paved road Kuang etal., 2004
~100 Reno-Sparks, NV urban, paved road Gillies etal., 1999
1209 +£ 170 (PM2.5) Hong Kong urban, paved road Ho etal., 2003
1061 £155 (PM10) Hong Kong urban, paved road Ho etal., 2003
588 + 688 Honolulu, HI urban, paved road Sutherland etal., 2003
470 £ 524 Honolulu, HI urban, paved road Sutherland etal., 2003
151124 Honolulu, HI urban, paved road Sutherland etal., 2003
161 £ 31 San Joaquin Valley, CA urban, paved road Chow etal., 2003
57 +28 San Joaquin Valley, CA rural, paved road Chow etal., 2003
109 +74 San Joaquin Valley, CA composite, paved road Chow etal., 2003
58 +73 San Joaquin Valley, CA  agricultural unpaved road Chow etal., 2003
203 £133 San Joaquin Valley, CA  residential unpaved road Chow etal., 2003
43+8 San Joaquin Valley, CA staging area soll Chow etal., 2003
101 =88 San Joaquin Valley, CA unpaved composite Chow etal., 2003

with traffic and building construction, renovation, and weathering of building materials being the

dominant source of lead to soil and subsequently road dust (de Miguel et al., 1997).

3.3 EXPOSURE: DRINKING WATER

Lead in drinking water is primarily a result of corrosion from lead pipes, lead-based
solder, or brass or bronze fixtures within a residence (Lee et al., 1989; Singley, 1994; Isaac et al.,
1997). Very little lead in drinking water comes from utility supplies. Experiments of Gulson
et al. (1994) confirm this by using isotopic analysis. Tap water analyses for a public school,
apartments, and free standing houses also indicate that the indoor plumbing is a greater source of
lead in drinking water than the utility, even for residences and schools serviced by lead-pipe
water mains (Moir et al., 1996). Ratios of influent lead concentration to tap concentrations in
homes in four municipalities in Massachusetts ranged between 0.17 to 0.69, providing further
confirmation that in-home lead corrosion dominates the trace quantities of lead in municipal
water supplies (Isaac et al., 1997). The information in this section addresses lead concentrations
in water intended for human consumption only. However, this water comes from the natural

environment, and concentrations of lead found in natural systems are discussed in Chapter 8.
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The chemical composition of water distribution pipes is of great importance when
considering how much lead is leached into drinking water. Copper piping with lead-based solder
has largely replaced pure lead piping in the United States. A survey of 94 water companies
nationwide in 1988 revealed that copper pipe was present in 73% of homes, galvanized pipe was
present in 13% of homes, a mixture of galvanized and copper was present in 11% of homes, and
plastic pipes were present in 2% of homes (Lee et al., 1989). An analysis of PVC pipes indicated
that some lead is leached from PVC in measurable amounts (Sadiq et al., 1997). PVC, which
contains ~1% lead, increased the tap water concentration to an average of 0.017 + 0.038 mg/L,
which was a statistically significant increase over the influent concentration of 0.011 + 0.026
mg/L (Sadiq et al., 1997). Guo et al. (1997) suggested that lead may be leached from cement-
mortar lined pipes in significant quantities if the cement was made from clinker derived from
combusted, hazardous materials.

In addition to piping, lead may leach from faucets. Water lead measurements performed
for 12 faucets of different compositions typically found in homes indicated that new cast-brass
faucets leached more lead than any of the other designs (Gardels and Sorg, 1989). Water lead
levels were below the detection limit from a plastic faucet. In houses with copper piping and
lead-based solder, brass fixtures may contribute as much as 50% of lead in drinking water (Lee
et al., 1989).

The primary type of solder used in the United States was 50—50 tin-lead solder (50% tin,
50% lead) before the Safe Drinking Water Act amendments of 1986 were enacted (U.S. EPA
2006). Although new or repaired pipes may not use solder containing more than 0.2% lead,
50-50 solder still exists in many older structures. In comparing lead leached from 50-50 tin-lead
solder, 95-5 tin-antimony solder, and a liquefied 50-50 tin-lead formulation that contained a
flux, Birden et al. (1985) showed that the liquefied 50-50 formulation leached the most lead into
drinking water. The 95-5 tin-antimony solder was the safest with respect to drinking water
quality. Measurements of metals leached from four, nonlead-based solders in copper pipes were
undertaken by Subramanian et al. (1991, 1994). Of the four solders tested (95—5 Sn-Sb, 964
Sn-Ag, 94—6 Sn-Ag, and 95.5-4.0-0.5 Sn-Cu-Ag), all showed that metals (Ag, Cd, Cu, Sb, Sn,
and Zn) were leached in small enough quantities to make these solders safe alternatives to lead-

based solders.
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Lead corrosion is essentially an electrochemical process. Electrons may be transferred
from the metal (lead) to the solution (drinking water) where the major electron acceptors are
dissolved oxygen, hydrogen ions, or disinfectant residuals (Singley, 1994). Alternatively, when
two different metals are in contact, there is a difference in potential, and the difference in
electron demand may increase corrosion (Singley, 1994). In either case, lowering the pH and
increasing the dissolved oxygen demand are known to increase rates of corrosion. The corrosion
process occurs faster at high temperatures than at low temperatures (e.g., Thompson and Sosnin,
1985; Lee et al., 1989).

The combined pH and alkalinity of water are sometimes described as the aggressiveness
of the water and is measured using the Langelier Index. A pH above 8.0 is generally considered
safe for lead leaching (e.g., Lee et al., 1989; Frey, 1989).

There are conflicting reports on the effect of chlorine in water. Chlorine, which is
typically used as a disinfectant in municipal supplies, may increase the rate of corrosion by
providing a source of electron acceptors (Singley, 1994). However, measurements of Lee et al.
(1989) show an absence of statistically significant change in lead levels with increasing
concentration of free chlorine. Laboratory tests of Edwards and Dudi (2004) show that chlorine
reacts with soluble Pb*" to precipitate a red-brown colored lead solid. This solid is highly
insoluble, even at a pH of 1.9 for twelve weeks. Thus, chlorine may actually lessen the overall
quantity of lead in drinking water. Elevated levels of lead in drinking water in Washington DC
in 2000 were traced to a change from chlorine to chloramine disinfectant. The red-brown lead
solid does not form in the presence of chloramines, and the data suggest that chloramines
dramatically increase the amount of lead leached from brass (Edwards and Dudi, 2004).

Flouridating water does not seem to affect the solubility or reactivity of lead compounds
(Urbansky and Schock, 2000).

Corrosion inhibitors are sometimes added to water to inhibit scaling or iron precipitation.
Zinc orthophosphate in the range of 0.4-0.6 mg/L is an effective inhibitor for lead corrosion
(Lee et al., 1989). Results indicate that zinc orthophosphate is more effective at reducing lead
levels than increasing the pH. Soluble lead release is reduced by up to 70% with the addition of
orthophosphate (Edwards and McNeill, 2002). Other proposed corrosion inhibitors such as
sodium zinc hexametaphosphate or sodium hexametaphosphate are not effective at reducing lead

corrosion (Lee et al., 1989). In fact, results of McNeill and Edwards (2004) indicate that
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hexametaphosphate increased the levels of soluble lead in drinking water. Each milligram per
liter of hexametaphosphate increased the lead content by ~1.6 mg/L after a 72 hour stagnation
period in pure lead pipes (Edwards and McNeill, 2002).

The length of time that drinking water remains in a pipe also affects the water lead
concentration. Thus, a first flush phenomenon is generally observed in the morning after water
has stayed in the pipe through the night. An estimated 47% of total leached lead was observed in
the first 500 mL of water after prolonged stagnation (Singh and Mavinic, 1991). Gardels and
Sorg (1989) demonstrated that 60 to 75% of total lead leached appeared in the first 125 mL of
water after prolonged stagnation. For cold water, the peak lead concentrations occurred in the
first or second 25 mL sample and decreased exponentially with time thereafter. For hot water
the peak lead concentration occurred in the second or third 25 mL sample before decreasing
exponentially (Gardels and Sorg, 1989). In a system where fully flushed water had a lead
content of 1.7 pg/L, removing just 125 mL of water from the tap every hour kept lead
concentrations elevated (35 to 52 pg/L) throughout the day (Gulson et al., 1997). Lytle and
Schock (2000) showed a temporary exponential increase in lead concentration with stagnation
time before the rate leveled off. After 10 hours of stagnation, ~50 to 70% of the maximum lead
concentration had been achieved, although, lead levels continued to increase even after 90 hours
of stagnation. Their results are shown in Figures 3-6 and 3-7. It should be noted that the shape
of the stagnation-concentration curves was the same for all situations regardless of water quality.

Some examples of concentrations of lead in drinking water are shown in Table 3-10. The
lead standard for drinking water was set by the U.S. EPA in 1988, with a maximum allowable
limit of 5 pg/L for water entering the distribution system (Frey, 1989). Longitudinal
observations suggest that temporal variation is small for individual households compared to
between-home variation (Clayton et al., 1999).

Lead in drinking water can be either in particulate or soluble form. Lead can be in the
form of aqueous ions or complexes, particularly when pH is low. Solids are the product of
nonadherent corrosion deposits, eroded pieces of plumbing material, or background inputs from
the distribution system (Lytle et al., 1993). Lead particles are released when pH and alkalinity
are low, and they typically occur in the form of hydrocerrusite scales (McNeill and Edwards,
2004). The lead products of corrosion are CaCO3, PbCO3, Pb3(CO3)2(OH),,
Pb10(CO3)6(OH)60, Pb5(PO4)30H, and PbO (Lytle et al., 1993; McNeill and Edwards, 2004).
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(13 mm diameter) exposed to softened water in Study A.

Figure3-6. Thechangein lead concentration versus stagnation time. (Reprinted from

Lytle and Schock, 2000).

Based on the conditions described above, models to predict drinking water lead concentrations

have been proposed (e.g., Clement et al., 2000; Van Der Leer et al., 2002). Lead in water,

although it is typically found at low concentrations in the U.S., has been linked to elevated blood

lead concentrations. In a study of mothers and infants in Glasgow, Scotland tap water was the

main correlate of raised maternal blood lead levels (Watt et al., 1996). In a prospective study

children exposed to water with lead concentrations greater than 5 ppb had blood lead levels ~ 1.0

pug/dL higher than children with water lead levels less than 5 ppb (Lanphear et al., 2002). Thus,

water may not be a trivial source of lead under some conditions.
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Figure 3-7. Thechangein lead concentration versus stagnation time. (Reprinted from
Lytle and Schock, 2000).

The 1991 EPA Lead and Copper Rule requires that public water utilities conduct
monitoring of lead from customer taps - generally every six months, annually, or triennially,
depending on the levels of lead observed in drinking water. Less frequent monitoring is required
if levels are low. The rule established a tap water limit (“action level”) of 0.015 mg/L (15 ppb)
for Pb, based on the 90™ percentile concentration, above which corrective action is required

(see http://www.epa.gov/safewater/lcrmr/implement.html). The Safe Drinking Water

Information System/Federal Version (SDWIS/FED) maintains a database to which public water
utilities are required to submit monitoring data. States have been required to report to EPA the
90th percentile lead concentrations reported by water systems serving more than 3,300 people.

The data available up through 2005 show that about 96% of the utilities that monitored and
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Table 3-10. Examplesof Tap Water Concentrations of L ead

S00T Ao

Water Concentration

LE€

(Mg/L) L ocation Residence Type Description Reference

20 Vancouver, Canada Apartments copper or plastic pipes Singh and Manivic (1991)

13 Vancouver, Canada Houses copper or plastic pipes Singh and Manivic (1991)

0.70 Arizona Residences — Sofuoglu et al. (2003)

0.32 Mexico/US border Residences —[ Sofuoglu et al. (2003)

16 Halifax, Canada Houses standing water Moir et al. (1996)

8 Halifax, Canada Houses running water Moir et al. (1996)

3 Halifax, Canada Apartments standing water Moir et al. (1996)

2 Halifax, Canada Apartments running water Moir et al. (1996)

6 Halifax, Canada Public School standing water Moir et al. (1996)

5 Halifax, Canada Public School running water Moir et al. (1996)

17 Dharan, Saudi Arabia Community sites PVC pipes Sadiq et al. (1997)

7.7 Clinton, MA Residences standing water Isaac et al. (1997)

25.0 Gardner, MA Residences standing water Isaac et al. (1997)

15.3 Fall River, MA Residences standing water Isaac et al. (1997)

11.6 New Bedford, MA Residences standing water Isaac et al. (1997)
Clayton et al. (1999);

3.92 Midwest, US Residences standing water Thomas et al. (1999)
Clayton et al. (1999);

0.84 Midwest, US Residences flushed water Thomas et al. (1999)
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reported 90th percentile results are below the action level (see http://www.epa.gov/safewater/

lermr/lead_data.html). For illustrative purposes, Table 3-11 shows 90" percentile drinking water

lead concentrations for a selection of large US cities reported in 1992, 1993 and in more recent
years. These are examples of high tap water concentrations that exceed the action level for Pb in

tap water and are thusly notably higher than the mean concentrations reported in Table 3-10.

34 EXPOSURE: FOOD INGESTION

Lead contaminated food continues to be a major route of lead exposure. In a detailed
study of lead ingestion in food, Flegal et al. (1990) showed that North Americans ingest an
estimated 50 pg of lead each day through food, beverages, and dust, and ~30 to 50% of this
amount is through food and beverages. The global average daily intake is about 80 pg/day from
food and 40 pg/day from drinking water, according to estimates made by the UN Environment
Program (Juberg et al., 1997). In Australia, women between 20 and 39 years of age ingest
between 7.3 and 9.7 pg/day (Gulson et al., 2001a). Infants that are breast-fed take in
~0.73 pg/day compared to 1.8 pg/day for formula-fed infants (Gulson et al., 2001a). Australian
children ingest approximately 6.4 pg/day. A duplicate diet study shows that most diets also
contain a large amount of house dust (Manton et al., 2005). Other significant sources of dietary
lead are calcium-supplemented food where calcium is derived from limestone and tin coatings
that contain lead. In the Midwest, lead concentrations in foods consumed by children 0 to
6 years old were similar or lower than adults, but on a body weight basis lead intake rates were
1.5 to 2.5 times higher for young children (0.26 pg/kg body weight/day for children 0 to 7 yrs
and 0.10 pg/kg body weight for people overall) (Thomas et al., 1999). Overall, a small
percentage of the population exceeded health-based intake levels set by FAO/WHO (Thomas
et al., 1999). During the NHEXAS study in Maryland, the mean intake of lead in the diet was
7.6 ng/day (Scanlon et al., 1999). The accompanying longitudinal study showed that lead
dietary exposures vary little over time. For U.S. children age 0 to 12 months, 13 to 24 months,
2 to 6 years, and their mothers, the estimated rate of lead ingestion was 1.8 pg/day, 3.3 pg/day,
4.1 ng/day and 7.5 pg/day, respectively (Manton et al., 2005). This is significantly lower than
the value reported above by Flegal et al. (1990), which may reflect the reduction in lead
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Table 3-11. 90™ Percentile Tap Water Pb Concentrationsfor a Selection of U.S. Cities
Exceeding the EPA Pb Action Level

90" %ile 90" %ile 90" %ile

(ppb) (ppb) (ppb) Recent Monitoring

State Water system 1993 1992 Recent Period

AZ Phoenix Municipal 19 11 1 1/1/2003 — 12/31/2003
DC Washington Aqueduct 18 39 63 7/1/2003 — 12/31/2003
FL Miami Beach, City of 27 4 8 1/1/2001 — 12/31/2001
1A Cedar Rapids 80 42 6 1/1/2003 - 12/31/2003
IL Chicago 10 20 7 1/1/1999 — 12/31/2001
MI Detroit 21 15 12 1/1/2002 — 12/31/2002
MN Minneapolis 19 32 6 1/1/2002 — 12/31/2002
MN St. Paul 54 28 11 1/1/2003 — 12/31/2003
NJ Bayonne Water Dept. 18 25 18 7/1/2001 — 12/31/2001
NY Syracuse 50 40 25 1/1/2003 — 6/30/2003
NY Yonkers 68 110 18 1/1/2003 — 6/30/2003
OH Columbus 15 16 1 1/1/2002 — 12/31/2002
OR Portland 41 53 8 7/1/2003 — 6/30/2006
PA Philadelphia Water Dept. 322 15 13 1/1/2002 — 12/31/2002
SC Columbia, City of 40 114 6 1/1/2002 — 12/31/2002
TX Galveston 18 6 2 1/1/2000 — 12/31/2002
VA City of Richmond 16 25 4 1/1/2000 — 12/31/2002
WA Tacoma 32 17 12 1/1/2001 — 12/31/2003

emissions since the late 1980s. It should also be noted that nutrition and fasting can affect
absorption rates.

Since the elimination of lead solder in U.S. canned food, the primary source of lead in
U.S. food is atmospheric deposition (Flegal et al., 1990). Overall, anthropogenic aerosols
account for an estimated 40% of lead in food, while the bulk of the remainder is derived from
harvesting, transporting, processing, packaging, or preparing the food (Flegal et al., 1990; Juberg
et al., 1997; Dudka and Miller, 1999). Lead contamination in poultry and livestock is also
primarily atmospheric in origin. Lead deposits on forage or feed or onto soil that is directly

ingested (Flegal et al., 1990). Lead concentrations in food have been reported to increase by a
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factor of 2 to 12 between harvest and consumption (Flegal et al., 1990). A food production
facility in Turkey was shown to contaminate pasta with lead (Demir6zii and Saldamli, 2002), as
indicated by lead concentrations in the semolina being 14.2 to 36.5 ng/g compared with the
finished pasta product where concentrations ranged from 107.1 to 147.6 ng/g (Demirdzii and
Saldamli, 2002). An increase (from an average value <0.5 ng/g to average values between 11.9
and 69.8 ng/g) between raw and finished cocoa products has also been observed (Rankin et al.,
2005). In this case, contamination seems to occur during shipping and/or processing.

Lead concentrations measured in households throughout the Midwest were significantly
higher in solid food compared to beverages and tap water (Clayton et al., 1999; Thomas et al.,
1999). However, beverages appeared to be the dominant dietary pathway for lead according to
the statistical analysis (Clayton et al., 1999), possibly indicating greater bodily absorption of lead
from liquid sources (Thomas et al., 1999). Dietary intakes of lead were greater than those
calculated for intake from home tap water or inhalation on a pg/day basis (Thomas et al., 1999).
The NHEXAS study in Arizona showed that for adults ingestion was a more important lead
exposure route than inhalation (O’Rourke et al., 1999).

Lead concentrations in vegetables may be increased by soil amendments such as mine
wastes, slag, or fly ash. Historically, mine tailings were often disposed in streambeds, and this
poses an exposure risk when stream sediments are used to boost productivity in gardens (Cobb
et al., 2000). Slag is sometimes used for constructing agricultural and forestry roads or for
landfill. This can be an additional source of lead contamination for nearby crops (Bunzl et al.,
2001). Fly ash is applied to land infrequently for alkaline adjustment, as cover for landfills, or to
amend agricultural soils. Elevated lead levels in fly ash can subsequently contaminate crops
(Brake et al., 2004). Although soil contamination may be important on a local scale, overall
atmospheric deposition is a more significant source of food lead than uptake from soil. For
example, more than 52% of the total lead present in citrus fruits was removed by washing,
indicating that surface deposits make up the bulk of lead contamination in unprocessed fruit
(Caselles, 1998).

Examples of lead concentrations measured in several foods are shown in Table 3-12.

In general, food lead concentrations have decreased as a direct result of the decrease in airborne
emissions of lead from automotive gasoline. This has been directly shown through

measurements performed on vintage wines (Lobinski, 1995; Médina et al., 2000). The
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Table 3-12. Examplesof Lead Concentrationsin Food Products

Food Concentration Description Reference

Barley, grain 0.4 ppm Uncontaminated soil Dudka and Miller (1999)
Barley, grain 2.0 ppm Zn-Pb smelter contaminated Dudka and Miller (1999)
Potato tubers, peeled 0.21 ppm Uncontaminated soil Dudka and Miller (1999)
Potato tubers, peeled 0.89 ppm Zn-Pb smelter contaminated Dudka and Miller (1999)
Lettuce 0.19 ppm Edible portion, untreated soil Dudka and Miller (1999)
Spinach 0.53 ppm Edible portion, untreated soil Dudka and Miller (1999)
Potatoes 0.03 ppm Edible portion, untreated soil Dudka and Miller (1999)
Wheat 0.02 ppm Edible portion, untreated soil Dudka and Miller (1999)
Rice 0.01 ppm Edible portion, untreated soil Dudka and Miller (1999)
Sweet corn 0.01 ppm Edible portion, untreated soil Dudka and Miller (1999)
Field corn 0.01 ppm Edible portion, untreated soil Dudka and Miller (1999)
Carrots 0.05 ppm Edible portion, untreated soil Dudka and Miller (1999)
Onions 0.04 ppm Edible portion, untreated soil Dudka and Miller (1999)
Tomatoes 0.03 ppm Edible portion, untreated soil Dudka and Miller (1999)
Peanuts 0.01 ppm Edible portion, untreated soil Dudka and Miller (1999)
Soybeans 0.04 ppm Edible portion, untreated soil Dudka and Miller (1999)

Applesauce, canned
Fruit cocktail, canned
Spinach, fresh

Peaches, canned

8.5 pg/serving
7.1 pg/serving
2.4 pg/serving
6.0 pg/serving

FDA Total Diet Study
FDA Total Diet Study
FDA Total Diet Study

FDA Total Diet Study

Juberg et al. (1997)
Juberg et al. (1997)
Juberg et al. (1997)
Juberg et al. (1997)
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Table 3-12 (cont’d). Examples of Lead Concentrationsin Food Products

Food Concentration L ocation Description Reference

Pears, canned 4.9 pg/serving FDA Total Diet Study Juberg et al. (1997)
Strawberries, fresh 1.1 pg/serving FDA Total Diet Study Juberg et al. (1997)
Apple juice, bottled 2.6 pg/serving FDA Total Diet Study Juberg et al. (1997)

Wine

Vaccinium vitis-idaea
Vaccinium myrtillus
Rubus chamaemorus
Empetrum hermaphroditum
Leccinum auranticcum
Leccinum sacbrum

Russul vesea

Xerocomus subtomentosus
Suillus luteus
Lactariustrivialis
Lactarius torminosus
Lettuce

Lettuce

Lettuce

Carrots

Carrots

7.7 ng/serving
0.4-2.3 ppm
0.7-1.6 ppm
0.3-4.7 ppm
0.3-1.5 ppm
0.8-2.3 ppm
1.1-5.2 ppm
1.1-3.4 ppm
1.3-3.1 ppm
2.0-2.3 ppm
1.1-3.1 ppm
0.6-3.5 ppm

0.65-1.3 ppm

0.15-0.46 ppm
0.36 ppm

0.07-0.28 ppm

<0.02-0.09 ppm

Monchegorsk, Russia
Monchegorsk, Russia
Monchegorsk, Russia
Monchegorsk, Russia
Monchegorsk, Russia
Monchegorsk, Russia
Monchegorsk, Russia
Monchegorsk, Russia
Monchegorsk, Russia
Monchegorsk, Russia
Monchegorsk, Russia
Copenhagen, Denmark
Copenhagen, Denmark
Copenhagen, Denmark
Copenhagen, Denmark

Copenhagen, Denmark

FDA Total Diet Study

Berry, near Ni-Cu smelter
Berry, near Ni-Cu smelter
Berry, near Ni-Cu smelter
Berry, near Ni-Cu smelter
Mushroom, near Ni-Cu smelter
Mushroom, near Ni-Cu smelter
Mushroom, near Ni-Cu smelter
Mushroom, near Ni-Cu smelter
Mushroom, near Ni-Cu smelter
Mushroom, near Ni-Cu smelter
Mushroom, near Ni-Cu smelter
Close to lead smelter

Far from lead smelter
Background concentration
Close to lead smelter

Far from lead smelter

Juberg et al. (1997)
Barcan et al. (1998)
Barcan et al. (1998)
Barcan et al. (1998)
Barcan et al. (1998)
Barcan et al. (1998)
Barcan et al. (1998)
Barcan et al. (1998)
Barcan et al. (1998)
Barcan et al. (1998)
Barcan et al. (1998)
Barcan et al. (1998)
Moseholm et al. (1992))
Moseholm et al. (1992))
Moseholm et al. (1992))
Moseholm et al. (1992))
Moseholm et al. (1992))
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Table 3-12 (cont’d). Examples of Lead Concentrations Food Products

Food Concentration L ocation Description Reference

Carrots 0.02-0.03 ppm Copenhagen, Denmark Background concentration Moseholm et al. (1992))
Potatoes <0.02-0.12 ppm Copenhagen, Denmark Close to lead smelter Moseholm et al. (1992))
Potatoes <0.02-0.06 ppm Copenhagen, Denmark Far from lead smelter Moscholm et al. (1992))
Potatoes <0.02 ppm Copenhagen, Denmark Background concentration Moseholm et al. (1992))
Kale 1.4-9.3 ppm Copenhagen, Denmark Close to lead smelter Moseholm et al. (1992))
Kale 0.58-2.4 ppm Copenhagen, Denmark Far from lead smelter Moscholm et al. (1992))
Kale 0.52-0.72 ppm Copenhagen, Denmark Background concentration Moseholm et al. (1992))
Wine 65 ng/L France Vintage 1990-1995 Meédina et al. (2000)
Breast milk 0.55 pg/kg Australia Gulson et al. (2001b)
Infant formula 1.6 ng/kg Australia Gulson et al. (2001b)
Baby food 2.9 pg/kg Australia Gulson et al. (2001b)
Brassica juncea 298.3 ppm Taihe, China Indian mustard, near lead smelter Cui et al. (2003)
Triticum aestivum L. 19.2 ppm Taihe, China Common wheat, near lead smelter Cui et al. (2003)

Basil <10 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Cabbage <10 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Cilantro 49 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Collard greens 12 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Coriander 39 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Ipasote 14 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Lemon balm 20 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
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Table 3-12 (cont’d). Examples of Lead Concentrationsin Food Products

Food Concentration L ocation Description Reference

Mint <10 - 60 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Mustard greens <10 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Parsley <10 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Red chard <10 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Rhubarb <10 - 36 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Sage <10 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Swiss chard 22-24 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Thyme <10 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Carrot 10 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Onion 21 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)
Radish 12-18 ppm Chicago, IL Edible portion, urban garden Finster et al. (2004)

Tuna, canned
Sardines, canned
Blue mussel, canned
Balsamic vinegar
Wine vinegar

Tea leaves

Cocoa beans

Cocoa, manufactured

Chocolate products

0.1 ppm (max.)
0.2 ppm (max.)
0.3 ppm (max.)
15-307 pg/L
36-50 pg/L
0.59-4.49 ppm
0.5 ng/g
230 ng/g
70 ng/g

Zhejiang Province, China
Nigeria
Nigeria
Nigeria

Commercial tea producing areas

Lourengo et al. (2004)
Lourengo et al. (2004)
Lourengo et al. (2004)
Ndung'u et al. (2004)
Ndung'u et al. (2004)
Jin et al. (2005)
Rankin et al. (2005)
Rankin et al. (2005)
Rankin et al. (2005)
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organolead concentration in French, Californian, Australian, and Argentinean wines peaked in
1978 (Lobinski, 1995). The maximum concentration was ~0.5 ng/L which was 10 to 100 times
higher than lead concentrations in drinking water. Conversely, Médina et al. (2000) observed a
peak lead concentration in French wine in the early 1950s. Isotopic analyses indicate that
automotive emissions were the dominant source of lead contamination since 1950. It is not clear
why French wine concentrations decreased through the late 1970s while automotive emissions
were still increasing. It should be noted that concentrations in food can be very low and are

frequently below detection limits. For concentrations of lead in non-edible plants, see Chapter 8.

35 OTHER ROUTESOF EXPOSURE
3.5.1 Lead-Based Paint

Lead-based paint was the dominant form of house paint for many decades, and a
significant percentage of homes still contain lead-based paint on some surfaces. Lead-based
paint poses a potential exposure risk due to inhalation during renovation or demolition projects,
or due to ingestion from hand-to-mouth activities and pica, which are common in children.
Lead-based paint exposure is one of the most common causes of clinical lead toxicity.

In a 1970 study, it was observed that for children with blood lead levels greater than
50 pg/dL, more than 80% were reported to ingest paint chips or broken plaster (Sachs et al.,
1970). A later study by McElvaine et al. (1992) showed that children with blood lead levels
above 55 pg/dL were ten times more likely to have paint chips observable on abdominal
radiographs than children with blood lead below this value. Shannon and Greaf (1992) noted
that the majority of preschool-aged children with blood lead over 25 ng/dL were reported to put
paint chips in their mouth.

As lead-based paint degrades, it becomes incorporated into house dust, which was
discussed in depth earlier in this chapter. Lead-based paint can pose an inhalation risk during
renovation and demolition activities. As described in Section 3.1 of this document, renovation
projects often involve abrasive blasting techniques to remove old layers of paint. This forms
lead particles that are easily inhaled (Chute and Mostaghim, 1991; Mickelson and Johnston,
1995; Jacobs et al., 1998; Mielke et al., 2001). At industrial sites, exposure is limited primarily

to workers. However, during residential renovation or abatement projects, residents may be
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unduly exposed to very high levels of airborne lead. Blood lead levels were shown to increase in
children who lived in houses with a significant (>1.5 mg/cm? on at least one surface) amount of
lead paint that had undergone some sanding, scraping, or other indoor surface refinishing in the
preceding six months (Rabinowitz, 1985b).

Additionally, exterior lead-based paint can degrade and contaminate nearby soil. Paint
and surface soil samples collected in and around Oakland, CA households of children having
elevated blood lead levels had nearly identical isotopic ratios as the children’s blood (Yaffe
et al., 1983). This suggests that weathered, lead-based paint was a major exposure route for

these children who played outside near the most highly contaminated areas.

3.5.2 Calcium Supplements

Potentially toxic levels of lead were measured in calcium supplements in studies
undertaken in the 1960s through the early 1990s (Scelfo and Flegal, 2000). An analysis of
136 different brands of supplements showed that two-thirds of the supplements did not meet the
1999 California criteria for acceptable lead levels: 1.5 ug Pb/daily dose of calcium (Scelfo and
Flegal, 2000). The lowest concentrations were observed in calcium products that were
nonchelated synthesized and/or refined. These corresponded to antacids and infant formulas.
Antacids and infant formulas had lead concentrations ranging from below the detection limit to
2.9 ng Pb/g calcium (Scelfo and Flegal, 2000). Natural calcium supplements derived from
bonemeal, dolomite, or oyster shell were much more likely to be in exceedance of the 1999
standard. Lead levels reported elsewhere showed comparable lead levels in supplements and
cow milk (Juberg et al., 1997). Whole milk, 2% milk, and calcium supplements had lead
concentrations in the range of 1.7 to 6.7 ug Pb/g calcium, 0.8 to 9.0 pg Pb/g calcium, and 3.1 to
6.9 pg Pb/g calcium, respectively (Juberg et al., 1997). A clamshell powder commonly known
as hai gen fan that is added to tea has shown detectable levels of lead contamination as well

(MMWR, 1999).

3.5.3 Glazes

Lead glazes have been commonly used throughout history. Kitchen glassware cannot
have a lead solubility in excess of 2.5 to 7 pug/mL according to a 1980 rule by the U.S. Food and
Drug Administration (Flegal et al., 1990). However, lead glazes on imported pottery may
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persist. Foods with low pH (acidic ones) are particularly susceptible to solubilizing lead and
contaminating food during storage in lead glazed glassware. Lead glazes may be especially
problematic when low temperature fluxes and glazes are used. This is more common in

traditional charcoal kilns than gas-fired kilns.

3.5.4 Miniblinds

Some imported vinyl miniblinds form lead dust upon disintegration (Juberg et al., 1997).
This exposure route was responsible for several cases of lead poisoning in Arizona and North
Carolina in the mid 1990s. Lead stabilizers are not used in vinyl miniblinds manufactured in the

United States (Juberg et al., 1997).

3.5.5 Hair Dye

The analysis of Mielke et al. (1997) shows that some hair dyes contain lead acetate in the
range of 2300 to 6000 pg Pb/g of product. This lead can be easily transferred via hand-to-mouth
and hand-to-surface activity, and an estimated 3 to 5% of lead acetate can be transferred through
the skin. Hair dyes tested in this study contain 3 to 10 times more lead than is allowable for

paint (Mielke et al., 1997).

3.5.6 Other Potential Sourcesof Lead Exposure

Additional consumer products that may pose a risk of lead exposure include lead crystal,
pool cue chalk (Miller et al., 1996), cosmetics, and folk remedies, which purposefully contain
lead (such as alarcon, alkohl, azarcon, bali goli, coral, gliasard, greta, kohl, KooSo or KooSar
pills, liga, pay-loo-ah, rueda, and surma of East Indian, Pakistani, Chinese, and Latin American
origins) (CDC, 1999). Unintentional or malicious lead contamination has also been found for the
following products: ground paprika, ayurvedic metal-mineral tonics, and Deshi Dewa (a fertility

drug) (CDC, 1999; Kakosky et al., 1996).
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3.6 MEASUREMENT METHODS

Methods for measurement of lead in environmental media were discussed in the 1986 Pb
AQCD and the reader is referred to that document for details regarding the main methods
employed and associated detection limits. Some of the most commonly employed methods are
concisely noted below.

The concentration of lead in air can be measured through several different methods.

Use of filter media and inertial impactors are two of the most common methods, and in both
cases particles can be separated by size. An additional method involves mounting a particle
separation device in the stack along with gas flow control and metering equipment. The
collected particles are then analyzed for mass and lead content (Clarke and Bartle, 1998).

Sampling of airborne particles to determine concentration and chemical species can be
performed via direct-reading instruments, which include optical counters, electrical counters,
resonant oscillation aerosol mass monitors, and beta radiation detectors (Koutrakis and Sioutas,
1996). Additionally, particles may be collected in cyclones and denuder systems.

Collected particles can be analyzed for lead using x-ray fluorescence analysis (XRF),
proton-induced x-ray emission (PIXE), neutron activation analysis (NAA), atomic absorption
(AA), or inductively-coupled plasma mass spectrometry (ICP-MS) (Koutrakis and Sioutas,
1996).

Lead concentrations in soil, dust, food, and other environmental media are determined
using similar techniques. Generally, substances undergo acid digestion in an HC1 or HNO;
solution before analysis via XRF, PIXE, NAA, AA, or ICP-MS. Special care should be taken in
all cases to avoid external contamination of samples, especially when measuring very low
concentrations of lead.

For detailed discussions of methods for determining lead speciation and isotopic ratios,
see Chapter 8 of this document. Also, see Chapter 4 for information related to measurement of

lead in biological tissues.
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3.7 SUMMARY

Lead concentrations in environmental media have been presented throughout this chapter.
Concentrations of lead in all environmental media are present in detectable quantities. However,
the bioavailability and bioaccessibility of this lead may vary significantly. See Chapter 8§ for a
discussion of bioavailable and bioaccessible forms of lead.

The highest air, soil, and road dust concentrations are found near major lead sources, such
as smelters, mines, and heavily trafficked roadways. Airborne concentrations have declined
dramatically with the phase out of leaded gasoline. Soil concentrations have remained relatively
constant.

Drinking water is susceptible to lead contamination primarily through leaching from
pipes, solder, and faucets. Water that has been stagnant in pipes, has been disinfected with
chloramines, has a low pH, or has a low alkalinity is particularly high risk for leaching lead.

Lead-contaminated food is a major exposure route. Deposition of airborne lead and house
dust are the major sources of lead in food. Significant quantities of lead are ingested by certain
populations every day.

Lead-based paint is still prevalent in older homes. This can be a major exposure route if
paint has deteriorated or undergone careless renovation.

Other sources of lead exposure vary in their prevalence and potential risk. These include
calcium supplements, lead-based glazes, certain types of miniblinds, hair dye, and other

consumer products.
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4. LEAD TOXICOKINETICS AND MEASUREMENT/
MODELING OF HUMAN EXPOSURE IMPACTS ON
INTERNAL TISSUE DISTRIBUTION OF LEAD

4.1 INTRODUCTION

The preceding two chapters presented important background information on: physical
and chemical properties of lead (Pb) and its inorganic and organic compounds; sources and
emissions of lead into the ambient air and other environmental media; and concentrations of lead
in ambient air and other components of multimedia human exposure pathways (e.g., water, food,
soil, exterior and interior/dusts, etc.) This chapter deals predominately with the relationship
between human exposure to lead and lead burden in the body.

With exposure, mainly by ingestion and inhalation, a portion of lead is absorbed and
distributed to various body compartments from which it is eliminated at various rates.
Conceptually, the burden of lead in the body may be considered divided between a fast
compartment (soft tissues) and a slow compartment (skeletal). Lead in blood is exchanged with
both of these compartments. The contribution of bone lead to the blood lead changes with the
duration and intensity of the exposure, age, and various physiological variables (e.g., nutritional
status, pregnancy, menopause).

In lead toxicologic and epidemiologic studies, dose-response relationships for nearly all of
the major health effects of lead are typically expressed in terms of an index of internal Pb dose.
Blood lead concentration is extensively used in epidemiologic studies as an index of exposure
and body burden due mainly the feasibility of incorporating its measurement into human studies
relative to other potential dose indicators, e.g., lead in kidney, plasma, urine, or bone. Blood lead
is determined by both the recent exposure history of the individual, as well as the long-term
exposure history that leads to accumulation in bone. The benefits and limitations of blood lead
concentration as an indicator of lead body burden were discussed in Section 13.3.2 of the 1986
Lead AQCD. Application of internal dose-response information to the assessment of risks from
lead exposures requires means for estimating the resultant internal doses. Approaches to

estimating external lead exposure impacts on internal tissue concentrations, including various
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types of regression analyses and complex biokinetic modeling are thusly topics of much
importance here.

This chapter begins by providing an overview the toxicokinetics of lead which focuses on
our current understanding of the routes of lead exposure, uptake, distribution, and elimination in
humans. Next, there is a detailed discussion of biological markers used to assess human lead
burden and exposure. Subsequently, models for assessing lead exposure-burden relationships in
humans are presented. The modeling discussion begins with recent developments in
epidemiological models of lead exposure-blood lead concentration relationships in humans.

The evolution of lead biokinetics modeling and other major modeling advances during the past

25 years or so is then presented.

4.2 TOXICOKINETICS OF LEAD

The toxicokinetics of lead was extensively summarized in the 1986 AQCD and has been
the subject of several recent reviews (e.g., ATSDR, 2005; Mushak, 1991, 1993). Since the
completion of the 1986 AQCD, knowledge of the toxicokinetics of lead has been advanced in
several areas. New studies have been published on the kinetics of lead movement into and out of
bone (based on analysis of stable lead isotope profiles) which have demonstrated the importance
of bone lead stores as a source of lead to the blood, fetus and nursing infant. New animal and
human experimental models have been developed for studying dermal and gastrointestinal
bioavailability of lead; the latter studies have provided a more quantitative understanding of the
gastrointestinal bioavailability of lead in soils. Several new models of the toxicokinetics of lead
in humans have been developed which incorporate simulations of bone growth and resorption in
the distributional kinetics of lead in humans.

The summary provided below discusses the major features of absorption, distribution,
metabolism, and excretion of lead. Information specific to route of exposure (e.g., inhalation,
oral, dermal) are discussed under separate subsections. Distinguishing features of inorganic and

organic lead (e.g., alkyl lead compounds) are also discussed.
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4.2.1 Absorption of Lead

Inhalation Exposure
Inorganic Lead

Inorganic lead in ambient air consists of aerosols of lead-bearing particulate matter.
Amounts and patterns of deposition of inhaled particulate aerosols in the respiratory tract are
affected by the size of the inhaled particles, age-related factors that determine breathing patterns
(e.g., relative contributions of nose and mouth breathing), airway geometry, and air-stream
velocity within the respiratory tract (James et al., 1994). Absorption of lead deposited in the
respiratory tract is influenced by particle size and solubility, as well as the pattern of regional
deposition within the respiratory tract. Fine particles (<1 um) deposited in the bronchiolar and
alveolar region can be absorbed after extracellular dissolution or can be ingested by phagocytic
cells and transported from the respiratory tract (Bailey and Roy, 1994). Larger particles
(>2.5 pm) that are deposited, primarily, in the ciliated airways (nasopharyngeal and
tracheobronchial regions) can be transferred by mucociliary transport into the esophagus and
swallowed.

Quantitative studies of the deposition and clearance of inhaled inorganic lead in humans
have been limited to studies of adults and to exposures to relatively small particles (Chamberlain
et al., 1978; Hursh and Mercer, 1970; Hursh et al., 1969; Morrow et al., 1980; Wells et al.,
1977). In these studies, exposures were to lead-bearing particles having mass median
aerodynamic diameters (MMAD) below 1 um. Deposition of inhaled lead particles of this size
can be assumed to have been primarily in the bronchiolar and alveolar regions of the respiratory
tract (James et al., 1994), where mucociliary transport is likely to have been a relatively minor
component of particle clearance (Hursh et al., 1969), compared to the fate of larger particles.
Approximately 25% of inhaled lead chloride or lead hydroxide (MMAD 0.26 and 0.24 um,
respectively) was deposited in the respiratory tract in adult subjects who inhaled an inorganic
lead aerosol through a standard respiratory mouthpiece for 5 minutes (Morrow et al., 1980).
Approximately 95% of deposited inorganic lead, inhaled as submicron particles, was absorbed
(Hursh et al., 1969; Wells et al., 1977). Clearance from the respiratory tract of inorganic lead
inhaled as submicron particles of lead oxide, or lead nitrate, was multiphasic, with approximate
half-times of 0.8 hours (22%), 2.5 hours (34%), 9 hours (33%), and 44 hours (12%)

(Chamberlain et al., 1978). Given the submicron particle size of the exposure, these rates are
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thought to represent, primarily, absorption from the bronchiolar and alveolar regions of the
respiratory tract. As noted previously, amounts and rates of absorption of inhaled lead particles
that are larger than 2.5 pm, and which may be more typical of certain human exposure scenarios,
will be determined, primarily, by rates of mucociliary transport to the gastrointestinal tract.

While no quantitative studies of the deposition and absorption of inhaled lead in children
have been reported, age-related differences in airway geometry and physiology can be expected
to contribute to higher total particle deposition in the respiratory tract of children compared to

adults inhaling similar particle sizes (James et al., 1994; Xu and Yu, 1986).

Organic Lead

Alkyl lead compounds can exist in ambient air as vapors. Inhaled tetraalkyl lead vapor is
nearly completely absorbed following deposition in the respiratory tract. Following a single
exposure to vapors of radioactive (**Pb) tetraethyl lead (approximately 1 mg/m’ breathed
through a mouthpiece for 1 to 2 minutes) in four male subjects, 37% of inhaled ***Pb was
initially deposited in the respiratory tract, of which approximately 20% was exhaled in the
subsequent 48 hours (Heard et al., 1979). One hour after the exposure, approximately 50% of
the 2*Pb burden was associated with liver, 5% with kidney, and the remaining burden widely
distributed throughout the body, suggesting near complete absorption of the lead that was not
exhaled. In a similar experiment conducted with (**’*Pb) tetramethyl lead, 51% of the inhaled
293pp dose was initially deposited in the respiratory tract, of which approximately 40% was
exhaled in 48 hours. The distribution of ***Pb 1 hour after the exposure was similar to that

observed following exposure to tetraethyl lead.

Oral Exposure
Inorganic Lead

The extent and rate of gastrointestinal absorption of ingested inorganic lead are influenced
by physiological states of the exposed individual (e.g., age, fasting, nutritional calcium and iron
status, pregnancy) and physicochemical characteristics of the lead bearing material ingested
(e.g., particle size, mineralogy, solubility, and lead species). Lead absorption may also vary with

the amount of lead ingested.
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Effect of Age. Gastrointestinal absorption of water-soluble lead appears to be higher in
children than in adults. Estimates derived from dietary balance studies conducted in infants and
children (ages 2 weeks to 8 years) indicate that ~40 to 50% of ingested lead is absorbed
(Alexander et al., 1974; Ziegler et al., 1978). In adults, estimates of absorption of ingested
water-soluble lead compounds (e.g., lead chloride, lead nitrate, lead acetate) ranged from 3 to
10% in fed subjects (Heard and Chamberlain 1982; James et al., 1985; Rabinowitz et al., 1980;
Watson et al., 1986). Data available on lead absorption between childhood and adulthood ages
are very limited. While no absorption studies have been conducted on subjects in this age group,
the kinetics of the change in stable isotope signatures of blood lead in mothers and their children
as both come into equilibrium with a novel environmental lead isotope profile, suggest that
children ages 6 to 11 years and their mothers may absorb a similar percentage of ingested lead
(Gulson et al., 1997).

Studies in experimental animals provide additional evidence for an age-dependency of
gastrointestinal absorption of lead. Absorption of lead, administered as lead acetate (6.37 mg
lead/kg, oral gavage), was higher in juvenile Rhesus monkeys (38% of dose) compared to adult
female monkeys (26% of the dose) (Pounds et al., 1978). Rat pups absorb ~40 to 50 times more
lead via the diet than do adult rats (Aungst et al., 1981; Forbes and Reina, 1972; Kostial et al.,
1978). This age difference in absorption may be due, in part, to the shift from the neonatal to
adult diet, and to postnatal physiological development of intestine (Weis and LaVelle, 1991).

Effect of Fasting. The presence of food in the gastrointestinal tract decreases absorption
of water-soluble lead (Blake and Mann, 1983; Blake et al., 1983; Heard and Chamberlain, 1982;
James et al., 1985; Maddaloni et al., 1998; Rabinowitz et al., 1980). In adults, absorption of a
tracer dose of lead acetate in water was ~63% when ingested by fasted subjects and 3% when
ingested with a meal (James et al., 1985). Heard and Chamberlain (1982) reported nearly
identical results. The arithmetic mean of reported estimates of absorption in fasted adults was
57% (based on Blake et al., 1983; Heard and Chamberlain, 1982; James et al., 1985; Rabinowitz
et al., 1980). Reported fed/fasted ratios for absorption in adults range from 0.04 to 0.2 (Blake
et al., 1983; Heard and Chamberlain, 1983; James et al., 1985; Rabinowitz, et al., 1980).
Mineral content is one contributing factor to the lower absorption of lead when lead is ingested
with a meal; that is, the presence of calcium and phosphate in a meal depress the absorption of

ingested lead (Blake and Mann, 1983; Blake et al., 1983; Heard and Chamberlain, 1982).
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Effect of Nutrition. Lead absorption in children is affected by nutritional iron status.
Children who are iron-deficient have higher blood lead concentrations than similarly exposed
iron-replete children, which suggest that iron deficiency may result in higher lead absorption or,
possibly, other changes in lead biokinetics that contribute to altered blood lead concentrations
(Mahaffey and Annest, 1986; Marcus and Schwartz, 1987). Evidence for the effect of iron
deficiency on lead absorption has been derived from animal studies. In rats, iron deficiency
increases the gastrointestinal absorption of lead, possibly by enhancing binding of lead to iron
binding proteins in the intestine (Bannon et al., 2003; Barton et al., 1978a; Morrison and
Quatermann, 1987).

Dietary calcium intake also appears to affect lead absorption. An inverse relationship has
been observed between dietary calcium intake and blood lead concentration in children,
suggesting that children who are calcium-deficient may absorb more lead than calcium-replete
children (Mahaffey et al., 1986; Ziegler et al., 1978). An effect of calcium on lead absorption is
also evident in adults. In experimental studies of adults, absorption of a single dose of lead
(100 to 300 pg lead chloride) was lower when the lead was ingested together with calcium
carbonate (0.2 g calcium carbonate) than when the lead was ingested without additional calcium
(Blake and Mann, 1983; Heard and Chamberlain, 1982). A similar effect of calcium occurs in
rats (Barton et al., 1978b). In other experimental animal models, absorption of lead from the
gastrointestinal tract has been shown to be enhanced by dietary calcium depletion or
administration of vitamin D (Mykkanen and Wasserman, 1981, 1982).

Effect of Pregnancy. Absorption of lead may increase during pregnancy. Although there
is no direct evidence for this in humans, an increase in lead absorption may contribute, along
with other mechanisms (e.g., increased mobilization of bone lead), to the increase in blood lead
concentration observed during the later half of pregnancy (Gulson et al., 1997, 1998b, 2004;
Lagerkvist et al., 1996; Rothenberg et al., 1994; Schuhmacher et al., 1996).

Effect of Dose. Lead absorption in humans may be a capacity limited process, in which
case the percentage of ingested lead that is absorbed may decrease with increasing rate of lead
intake. However, available studies to date, do not provide a firm basis for discerning if the
gastrointestinal absorption of lead is limited by dose. Numerous observations of nonlinear
relationships between blood lead concentration and lead intake in humans provide support for the

likely existence of a saturable absorption mechanism or some other capacity-limited process in
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the distribution of lead in humans (Pocock et al., 1983; Sherlock et al., 1984, 1986). However, in
immature swine that received oral doses of lead in soil, lead dose-blood lead relationships were
curvilinear, whereas dose-tissue lead relationships for bone, kidney, and liver were linear
(Casteel et al., 2006). The same pattern (nonlinearity for blood lead concentration and linearity
for tissues) was observed in swine administered lead acetate intravenously (Casteel et al., 1997).
These results suggest that the nonlinearity in the lead dose-blood lead concentration relationship
may derive from an effect of lead dose on some aspect of the biokinetics of lead other than
absorption (e.g., saturation of binding of lead in red blood cells). In fasted rats, absorption was
estimated at 42 and 2% following single oral administration of 1 and 100 mg lead/kg,
respectively, as lead acetate, suggesting a limitation on absorption imposed by dose (Aungst

et al., 1981). Saturable mechanisms of absorption have been inferred from measurements of net
flux kinetics of lead in the in situ perfused mouse intestine, the in situ ligated chicken intestine,
and the in vitro isolated segments of rat intestine (Aungst and Fung, 1981; Barton, 1984;
Flanagan et al., 1979; Mykkénen and Wasserman, 1981). While evidence for capacity-limited
processes at the level of the intestinal epithelium is compelling, the dose at which absorption
becomes appreciably limited in humans is not known.

Effect of Particle Size. Particle size influences the degree of gastrointestinal absorption
(Ruby et al., 1999). In rats, an inverse relationship was found between absorption and particle
size of lead in diets containing metallic lead particles that were <250 um in diameter (Barltrop
and Meek, 1979). Tissue lead concentration was a 2.3 fold higher when rats ingested an acute
dose (37.5 mg Pb/kg) of lead particles that were <38 um in diameter, than when rats ingested
particles having diameters in the range of 150 to 250 um (Barltrop and Meek, 1979).
Dissolution kinetics experiments with lead-bearing mine waste soil suggest that surface area
effects control dissolution rates for particles sizes of <90 um diameter; however, dissolution of
90 to 250 um particle size fractions appeared to be controlled more by surface morphology
(Davis et al., 1994). Similarly, Healy et al. (1992) found that the solubility of lead sulfide in
gastric acid in vitro was much greater for particles 30 pm in diameter than for particles 100 um
in diameter.

Absorption from Soil. Lead in soil can exist in a variety of mineralogical contexts,
which can effect lead solubility in the gastrointestinal tract and, potentially, lead absorption from

the gastrointestinal tract. In adult subjects who ingested soil (particle size <250 um) collected
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from the Bunker Hill NPL site, 26% (SD: 8.1) of the resulting 250 ng/70 kg body weight lead
dose was absorbed when the soil was ingested in the fasted state, and 2.5% (SD: 1.7) was
absorbed when the same soil lead dose was ingested with a meal (Maddaloni et al., 1998).

The dominant lead minerals in the sample (relative lead mass) contained lead oxides (~40%),
lead sulfates (~25%), and lead sulfides (~11%). Absorption reported for fasted subjects (26%)
was approximately half that reported for soluble lead ingested by fasting adults, i.e., ~60%
(Blake et al., 1983; Heard and Chamberlain, 1983; James et al., 1985; Rabinowitz et al., 1980).
Measurements of the absorption of ingested soil lead in infants or children have not been
reported.

Relative bioavailability (RBA) of lead in soils (i.e., ratio of estimated absorbed fraction of
ingested soil lead to that of a water soluble form of lead, based on measurements of ingested lead
recovered in blood and/or other tissues) has been more extensively studied in animal models.

In immature swine that received oral doses of soil-like materials from various mine waste sites
(75 or 225 ng Pb/kg body weight), relative bioavailability of soil-borne lead ranged from 6 to
100%, compared to that of a similar dose of highly water-soluble lead acetate (Figure 4-1;
Casteel et al., 2006). Electron microprobe analyses of lead-bearing grains in the various test
materials revealed that the grains ranged from as small as 1 to 2 um up to a maximum of 250 pm
(the sieve size used in preparation of the samples) and that the lead was present in a wide range
of different mineral associations (phases), including various oxides, sulfides, sulfates, and
phosphates. These variations in size and mineral content of the lead-bearing grains are the
suspected cause of variations in the rate and extent of gastrointestinal absorption of lead from
different samples of soil. Based on these very limited data, the relative oral bioavailability of
lead mineral phases were categorized into “low” (<0.25), “medium” (0.25 to 0.75), and “high”
(>0.75) relative bioavailability categories (Figure 4-2; Casteel et al., 2006).

Studies conducted in rats also indicate that the bioavailability of lead in soils can be lower
than that of water-soluble forms of lead (e.g., lead acetate) and that the ingestion of soil can
lower the bioavailability of water-soluble lead (Freeman et al., 1992; 1994, 1996). Estimates of
relative bioavailability of lead in soil (compared to lead acetate) in rats ranged from 7 to 28%.
The absolute bioavailability of ingested lead acetate in rats was estimated to be ~15% (Freeman
et al., 1994); therefore, the above range for relative bioavailability (7 to 28%) corresponds to an

absolute bioavailability range of ~1 to 4%. The addition of “uncontaminated soil” (having a lead
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Test Material

1 California Guich Fe/Mn PbO
1 2 2 Jasper Co Low Lead Yard
: 3 Jasper Co High Lead Mill
4 Aspen Residential
5 Aspen Berm
6 California Guich Phase 1 Residential Soil
7 NIST Paint
8 Jasper Co High Lead Smelter
9 Palmerton Location 2
10 Murray Smelter Soil
11 Palmerton Location 4
12 Murray Smelter Slag
13 Bingham Creek Residential
14 Bingham Creek Channel
15 Califonria Gulch AV Slag
16 Midvale Slag
17 Butte Soil
18 California Gulch Oregon Guich Tailings
19 Galena-enriched Soil
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Test Material

RBA

Galena

Figure 4-1. Relative bioavailability (RBA) is the bioavailability of the lead in the test
material compared to that of lead acetate (test material/lead acetate).

Source: Casteel et al. (2006).

concentration of 54 + 3 mg lead/kg soil) to diets containing lead acetate decreased the

bioavailability of lead acetate by ~76% (Freeman et al., 1996).

Dermal Exposure
Inorganic Lead

Dermal absorption of inorganic lead compounds is generally considered to be much less
than absorption by inhalation or oral routes of exposure; however, few studies have provided
quantitative estimates of dermal absorption of inorganic lead in humans, and the quantitative
significance of the dermal absorption pathway as a contributor to lead body burden in humans
remains an uncertainty. Lead was detected in the upper layers of the stratum corneum of lead !
battery workers prior to their shifts and after cleaning of the skin surface (Sun et al., 2002),
suggesting adherence and/or possible dermal penetration of lead. Following skin application of

293pp-labeled lead acetate in cosmetic preparations (0.12 mg Pb in 0.1 mL or 0.18 mg Pb in
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Figure 4-2. Estimated relative bioavailability (RBA, compared to lead acetate) of ingested
lead in mineral groups, based on results from juvenile swine assays.

Source: Casteel et al. (2006).

0.1 g of a cream) to eight male volunteers for 12 hours, absorption was <0.3%, based on wholel’|
body, urine and blood **Pb measurements, and was predicted to be 0.06% during normal use of
such preparations (Moore et al., 1980). Most of the absorption took place within 12 hours of
exposure. Lead also appears to be absorbed across human skin when applied to the skin as lead
nitrate; however, quantitative estimates of absorption have not been reported. Lead (4.4 mg,

as lead nitrate) was applied (vehicle or solvent not reported) to an occluded filter placed on the
forearm of an adult subject for 24 hours, after which the patch was removed, the site cover and
the forearm were rinsed with water, and total lead was quantified in the cover material and rinse
(Stauber et al., 1994). The amount of lead recovered from the cover material and rinse was

3.1 mg (70% of the applied dose). Based on this recovery measurement, 1.3 mg (30%) of the
applied dose remained either in the skin or had been absorbed in 24 hours; the amount that

remained in or on the skin and the fate of this lead (e.g., exfoliation) was not determined.
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Exfoliation has been implicated as an important pathway of elimination of other metals
from skin (e.g., inorganic mercury; Hursh et al., 1989). The concentrations of lead in sweat
collected from the right arm increased 4 fold following the application of lead to the left arm,
indicating that some lead had been absorbed (amounts of sweat collected or total lead recovered
in sweat were not reported). In similar experiments with three subjects, measurements of ***Pb
in blood, sweat and urine, made over a 24-h period following dermal exposures to 5 mg Pb as
293pp nitrate or acetate, accounted for <1% of the applied (or adsorbed) dose. This study also
reported that absorption of lead could not be detected from measurements of lead in sweat
following dermal exposure to lead as lead carbonate.

Studies conducted in animals suggest that dermal penetration of inorganic lead may vary
with lead species. Dermal absorption of lead applied as lead arsenate appeared to be less that of
lead acetate, based on measurements of kidney lead levels following application of either

compound to the shaved skin of rats (Laug and Kunze, 1948).

Organic Lead

Relative to inorganic lead and organic lead salts, tetraalkyl lead compounds have been
shown to be rapidly and extensively absorbed through the skin of rabbits and rats (Kehoe and
Thamann, 1931; Laug and Kunze, 1948). A 0.75 mL amount of tetracthyl lead, which was
allowed to spread uniformly over an area of 25 cm” on the abdominal skin of rabbits, resulted in
10.6 mg of lead in the carcass at 0.5 hours and 4.4 mg at 6 hours (Kehoe and Thamann, 1931).
In a comparative study of dermal absorption of inorganic and organic salts of lead conducted in
rats, ~100 mg of lead was applied in an occluded patch to the shaved backs of rats. Based on
urinary lead measurements made prior to and for 12 days following exposure, lead compounds
could be ranked according to the relative amounts absorbed (i.e., percent of dose recovered in
urine): lead naphthalene (0.17%), lead nitrate (0.03%), lead stearate (0.006%), lead sulfate
(0.006%), lead oxide (0.005%), and metal lead powder (0.002%). This rank order (i.e., lead
naphthalene > lead oxide) is consistent with a rank ordering of penetration rates of inorganic and
organic lead salts through excised skin from humans and guinea pigs: lead nuolate (lead linoleic
and oleic acid complex) > lead naphthanate > lead acetate > lead oxide (nondetectable) (Bress

and Bidanset, 1991).
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4.2.2 Distribution

Inorganic Lead

Lead in Blood. Blood lead concentrations vary considerably with age, physiological state
(e.g., pregnancy, lactation, menopause), and numerous factors that affect exposure to lead. The
NHANES provide estimates for average blood lead concentrations in various demographic strata
of the U.S. population. Samples for Phase 2 of NHANES III were collected during 1991 to
1994. Geometric mean blood lead concentration of U.S. adults, ages 20 to 49 years, estimated
from the NHANES III Phase 2, were 2.1 pg/dL (95% CI, 2.0, 2.2) (Pirkle et al., 1998). Among
adults, blood lead concentrations were highest in the strata that included ages 70 years and older
(3.4 pg/dL; 95% CI, 3.3, 3.6). Geometric mean blood lead concentration of children, ages 1 to
5 years, were 2.7 (95% CI, 2.5, 3.0) for the 1991 to 1994 survey period; however, the mean
varied with socioeconomic status and other demographic characteristics that have been linked to
lead exposure (e.g., age of housing) (Pirkle et al., 1998). Central estimates from the NHANES
IIT Phase 2 (1991 to 1994), when compared to those from Phase 1 of the NHANES III (1988 to
1991) and the NHANES II (1976 to 1980), indicate a downward temporal trend in blood lead
concentrations in the United States, over this period. Data from the most recent survey
(NHANES 1V, Centers for Disease Control, 2005) are discussed in Section 4.3 (see Tables 4-1
and 4-2). For survey years 2001 to 2002, the geometric mean blood lead concentration for ages
>1 year (n = 8,945) was 1.45 pg/dL (95% CI: 1.39, 1.52); with the geometric mean in males
(n=4,339) being 1.78 pg/dL (95% CI: 1.71, 1.86) and in females (n = 4,606) being 1.19 ng/dL
(95% CI: 1.14, 1.25).

Lead in blood is found primarily (~99%) in the red blood cells (Bergdahl et al., 1997b,
1998, 1999; Hernandez-Avila et al., 1998; Manton et al., 2001; Schutz et al., 1996; Smith et al.,
2002). Most of the lead found in red blood cells is bound to proteins within the cell rather than
the erythrocyte membrane. ALAD is the primary binding ligand for lead in erythrocytes
(Bergdahl et al., 1997b, 1998; Sakai et al., 1982; Xie et al., 1998). Lead binding to ALAD
is saturable; the binding capacity has been estimated to be ~850 pg/dL red blood cells (or
~40 ng/dL whole blood) and the apparent dissociation constant has been estimated to be
~1.5 ng/L (Bergdahl et al., 1998). Two other lead-binding proteins have been identified in the
red cell, a 45 kDa protein (Kd 5.5 pg/L) and a smaller protein(s) having a molecular weight
<10 kDa (Bergdahl et al., 1996, 1997b, 1998). Of the three principal lead-binding proteins
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identified in red blood cells, ALAD has the strongest affinity for lead (Bergdahl et al., 1998) and
appears to dominate the ligand distribution of lead (35 to 84% of total erythrocyte lead) at blood
lead levels below 40 pg/dL (Bergdahl et al., 1996, 1998; Sakai et al., 1982).

Approximately 40 to 75% of lead in the plasma is bound to plasma proteins, of which
albumin appears to be the dominant ligand (Al-Modhefer et al., 1991; Ong and Lee, 1980). Lead
may also bind to y globulins (Ong and Lee, 1980). Lead in serum that is not bound to protein
exists largely as complexes with low molecular weight sulthydryl compounds (e.g., cysteine,
homocysteine) and other ligands (Al-Modhefer et al., 1991). Free ionized lead (i.e., Pb*") in
plasma represents an extremely small percentage of total plasma lead. The concentration of Pb**
in fresh serum, as measured by an ion-selective lead electrode, was reported to be 1/5,000 of the
total serum lead (Al-Modhefer et al., 1991).

In human adults, ~94% of the total body burden of lead is found in the bones. In contrast,
bone lead accounts for 73% of the body burden in children (Barry 1975). Lead concentrations in
bone increase with age throughout the lifetime, indicative of a relatively slow turnover of lead in
adult bone (Barry 1975, 1981; Gross et al., 1975; Schroeder and Tipton, 1968). This large pool
of lead in adult bone can serve to maintain blood lead levels long after external exposure has
ended (Fleming et al., 1997; Inskip et al., 1996; Kehoe, 1987; O'Flaherty et al., 1982; Smith
et al., 1996). It can also serve as a source of lead transfer to the fetus when maternal bone is
resorbed for the production of the fetal skeleton (Franklin et al., 1997; Gulson et al., 1997,
1999b, 2003) (see Section 4.3.2.3 for a more complete discussion of these topics).

Lead is not distributed uniformly in bone. Lead accumulates in those bone regions
undergoing the most active calcification at the time of exposure. During infancy and childhood,
bone calcification is most active in trabecular bone; whereas, in adulthood, calcification occurs at
sites of remodeling in cortical and trabecular bone. This suggests that lead accumulation will
occur predominantly in trabecular bone during childhood, but in both cortical and trabecular
bone in adulthood (Aufderheide and Wittmers, 1992). A portion of lead in mature bone is
essentially inert, having an elimination half-time of several decades. A labile compartment
exists as well that allows for maintenance of an equilibrium between bone and soft tissue or
blood (Rabinowitz et al., 1976). Although a high bone formation rate in early childhood results
in the rapid uptake of circulating lead into mineralizing bone, bone lead is also recycled to other

tissue compartments or excreted in accordance with a high bone resorption rate (O'Flaherty
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1995). Thus, most of the lead acquired early in life is not permanently fixed in the bone
(O'Flaherty, 1995). In general, bone turnover rates decrease as a function of age, resulting in
slowly increasing bone lead levels among adults (Barry, 1975; Gross et al., 1975; Schroeder and
Tipton, 1968). An X ray fluorescence study of tibial lead concentrations in individuals older
than 10 years showed a gradual increase in bone lead after age 20 (Kosnett et al., 1994). In 60 to
70 year-old men, the total bone lead burden may be >200 mg, while children <16 years old have
been shown to have a total bone lead burden of 8 mg (Barry, 1975). However, in some bones
(i.e., mid femur and pelvic bone), the increase in lead content plateaus at middle age and then
decreases at higher ages (Drasch et al., 1987). This decrease is most pronounced in females and
may be due to osteoporosis and release of lead from resorbed bone to blood (Gulson et al., 2002).
Bone lead burdens in adults are slowly lost by diffusion (heteroionic exchange) as well as by
resorption (O'Flaherty, 1995). Bone lead stores can contribute substantially to blood lead, and
maternal bone lead can be transferred to the fetus during pregnancy, and to breast milk and
nursing infants during lactation (see Sections 4.3.2.4, 4.3.2.5 for further discussion).

Lead in Soft Tissues. Several studies have compared soft tissue concentrations of lead in
autopsy samples of soft tissues (Barry, 1975, 1981; Gross et al., 1975; Schroeder and Tipton,
1968). These studies were conducted in the 1960s and 1970s and, therefore, reflect burdens
accrued during periods when ambient and occupational exposure levels where much higher than
current levels. Average blood lead concentrations reported in the adults subjects were ~20 pg/dL
in the Barry (1975) and Gross et al. (1975) studies, whereas more current estimates of the
average for adults in the United States are below 5 pg/dL (Centers for Disease Control, 2005).
Levels in other soft tissues also appear to have decreased substantially since these studies were
reported. For example, average lead concentrations in kidney cortex of male adults were
0.78 ng/g wet tissue and 0.79 pg/g, as reported by Barry (1975) and Gross et al. (1975),
respectively (samples in the Barry study were from subjects who had no known occupational
exposures). In a more recent analysis of kidney biopsy samples collected in Sweden, the mean
level of lead in kidney cortex among subjects not occupationally exposed to lead was 0.18 pg/g
(maximum, 0.56 ng/g) (Barregard et al., 1999). In spite of the downward trends in soft tissue
lead levels, the autopsy studies provide a basis for describing the relative soft tissue distribution
of lead in adults and children. Most of the lead in soft tissue is in liver. Relative amounts of lead

in soft tissues as reported by Schroeder and Tipton (1968), expressed as percent of total soft
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tissue lead, were: liver, 33%; skeletal muscle, 18%; skin, 16%; dense connective tissue, 11%;
fat, 6.4%; kidney, 4%; lung, 4%:; aorta, 2%; and brain, 2% (other tissues were <1%). The highest
soft tissue concentrations in adults also occur in liver and kidney cortex (Barry, 1975;
Gerhardsson et al., 1986, 1995b; Gross et al., 1975; Oldereid et al., 1993). The relative
distribution of lead in soft tissues, in males and females, expressed in terms of tissue:liver
concentration ratios, were: liver, 1.0 (~1 pg/g wet weight); kidney cortex, 0.8; kidney medulla,
0.5; pancreas, 0.4; ovary, 0.4; spleen, 0.3; prostate, 0.2; adrenal gland, 0.2; brain, 0.1; fat, 0.1;
testis, 0.08; heart, 0.07; and skeletal muscle, 0.05 (Barry, 1975; Gross et al., 1975). In contrast to
lead in bone, which accumulates lead with continued exposure in adulthood, concentrations in
soft tissues (e.g., liver and kidney) are relatively constant in adults (Barry 1975; Treble and
Thompson 1997), reflecting a faster turnover of lead in soft tissue, relative to bone.
Maternal-Fetal-Infant Transfer. The maternal/fetal blood lead concentration ratio,
indicated from cord blood lead measurements, is ~0.9 (Carbone et al., 1998; Goyer, 1990;
Graziano et al., 1990). In one of the larger studies of fetal blood lead concentration, maternal
and cord blood lead concentration were measured at delivery in 888 mother-infant pairs; the
cord/maternal ratio was relatively constant, 0.93, over a blood lead concentration range of ~3 to
40 pg/dL (Graziano et al., 1990). A study of 159 mother-infant pairs also found a relatively
constant cord/maternal ratio (0.84) over a maternal blood lead range of ~1 to 12 pg/dL (Carbone
et al., 1998). As noted in the discussion of the distribution of lead in bone, maternal bone lead is
transferred to the fetus during pregnancy and can be transferred to breast milk and nursing
infants during lactation (see Sections 4.3.2.4, 4.3.2.5 for further discussion). Breast
milk/maternal blood concentration ratios are, in general, <0.1, although values of 0.9 have been

reported (Gulson et al., 1998Db).

Organic Lead

Information on the distribution of lead in humans following exposures to organic lead is
extremely limited. One hour following 1 to 2 minute inhalation exposures to “’Pb tetraethyl or
tetramethyl lead (1 mg/m’), ~50% of the ***Pb body burden was associated with liver and 5%
with kidney; the remaining ***Pb was widely distributed throughout the body (Heard et al.,
1979). The kinetics of ***Pb in blood of these subjects showed an initial declining phase during
the first 4 hours (tetramethyl lead) or 10 hours (tetracthyl lead) after the exposure, followed by a
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phase of gradual increase in blood lead concentration that lasted for up to 500 hours after the
exposure. Radioactive lead in blood was highly volatile immediately after the exposure and
transitioned to a nonvolatile state thereafter. These observations may reflect an early distribution
of organic lead from the respiratory tract, followed by a redistribution of de-alkylated lead
compounds.

In a man and woman who accidentally inhaled a solvent containing 31% tetraethyl lead
(17.6% lead by weight), lead concentrations in the tissues, from highest to lowest, were liver,
kidney, brain, pancreas, muscle, and heart (Bolanowska et al., 1967). In another incident, a man
ingested a chemical containing 59% tetraethyl lead (38% lead w/w); lead concentration was

highest in the liver followed by kidney, pancreas, brain, and heart (Bolanowska et al., 1967).

4.2.3 Metabolism

Inorganic Lead

Metabolism of inorganic lead consists of formation of complexes with a variety of protein
and nonprotein ligands. Major extracellular ligands include albumen and nonprotein sulthydryls.
The major intracellular ligand in red blood cells is ALAD. Lead in other soft tissues such as
kidney, liver, and brain exists predominantly bound to protein. High affinity cytosolic lead
binding proteins (PbBPs) have been identified in rat kidney and brain (DuVal and Fowler, 1989;
Fowler, 1989). The PbBPs of rat are cleavage products of a2u globulin, a member of the protein
superfamily known as retinol-binding proteins (Fowler and DuVal, 1991). Other high-affinity
lead binding proteins (Kd approximately 14 nM) have been isolated in human kidney, two of
which have been identified as a 5 kD peptide, thymosin 4 and a 9 kD peptide, acyl-CoA binding
protein (Smith et al., 1998). Lead also binds to metallothionein, but does not appear to be a
significant inducer of the protein in comparison with the inducers of cadmium and zinc (Eaton
et al., 1980; Waalkes and Klaassen, 1985). In vivo, only a small fraction of the lead in the
kidney is bound to metallothionein, and appears to have a binding affinity that is less than Cd*",
but higher than Zn>" (Ulmer and Vallee, 1969); thus, lead will more readily displace zinc from
metallothionein than cadmium (Goering and Fowler, 1987; Nielson et al., 1985; Waalkes et al.,

1984).
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Organic Lead

Alkyl lead compounds undergo oxidative dealkylation catalyzed by cytochrome P 450 in
liver and, possibly, in other tissues. Few studies of the metabolism of alkyl lead compounds in
humans have been reported. Occupational monitoring studies of workers who were exposed to
tetraethyl lead have shown that tetracthyl lead is excreted in the urine as diethyl lead, ethyl lead,
and inorganic lead (Turlakiewicz and Chmielnicka, 1985; Vural and Duydu, 1995; Zhang et al.,
1994). Trialkyl lead metabolites were found in the liver, kidney, and brain following exposure to
the tetraalkyl compounds in workers; these metabolites have also been detected in brain tissue of
nonoccupational subjects (Bolanowska et al., 1967; Nielsen et al., 1978). In volunteers exposed
by inhalation to 0.64 and 0.78 mg lead/m’ of ***Pb labeled tetracthyl and tetramethyl lead,
respectively, lead was cleared from the blood within 10 hours, followed by a re appearance of
radioactivity back into the blood after ~20 hours (Heard et al., 1979). The high level of
radioactivity initially in the plasma indicates the presence of tetraalkyl/trialkyl lead. The
subsequent rise in blood radioactivity, however, probably represents water-soluble inorganic lead
and trialkyl and dialkyl lead compounds that were formed from the metabolic conversion of the

volatile parent compounds (Heard et al., 1979).

4.2.4 Excretion

Inorganic Lead

The kinetics of elimination of lead from the body reflects the existence fast and slow
pools of lead in the body. Blood, which comprises ~1% of body burden, exchanges with both
slow and fast pools, and exhibits multiphasic elimination kinetics. The dominant phase,
exhibited shortly after a change in exposure occurs, has a half-life of ~20 to 30 days. A slower
phase becomes evident with longer observation periods following a decrease in exposure. The
half-life of this slow phase has been estimated to be ~3 to 30 years and appears to correlate with
finger bone lead levels and is thought to reflect the release of lead from bone stores to blood.

Independent of the route of exposure, absorbed lead is excreted primarily in urine and
feces; sweat, saliva, hair and nails, and breast milk are minor routes of excretion (Chamberlain
et al., 1978; Griffin et al., 1975; Hursh and Suomela, 1968; Hursh et al., 1969; Kehoe, 1987;
Moore et al., 1980; Rabinowitz et al., 1976; Stauber et al., 1994). Fecal excretion accounts for

~one-third of total excretion of absorbed lead (fecal/urinary excretion ratio of ~0.5), based on
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intravenous injection studies conducted in humans (Chamberlain et al., 1978). A similar value
for fecal/urinary excretion ratio, ~0.5, has been observed following inhalation of submicron lead
particles (Chamberlain et al., 1978; Hursh et al., 1969). Estimates of blood-to-urine clearance
range from 0.03 to 0.3 L/day with a mean of 0.12 L/day (Araki et al., 1990; Berger et al., 1990;
Chamberlain et al., 1978; Gulson et al., 2000; Koster et al., 1989; Manton and Malloy, 1983;
Rabinowitz et al., 1973, 1976; Ryu et al., 1983; see Diamond, 1992 for an analysis of these data.
Much of the available information on the excretion of ingested lead in adults derives from
studies conducted on five male adults who received daily doses of **’Pb nitrate for periods up to
210 days (Rabinowitz et al., 1976). The dietary intakes of the subjects were reduced to
accommodate the tracer doses of **’Pb without increasing daily intake, thus preserving a steady
state with respect to total lead intake and excretion. Total lead intakes (diet plus tracer) ranged
from ~210 to 360 pg/day. Urinary excretion accounted for ~12% of the daily intake (range for
five subjects: 7 to 17%) and fecal excretion, ~90% of the daily intake (range, 87 to 94%).
Based on measurements of tracer and total lead in saliva, gastric secretions, bile, and pancreatic
secretions (samples collected from three subjects by intubation), gastrointestinal secretion of lead
was estimated to be ~2.4% of intake (range, 1.9 to 3.3%). In studies conducted at higher
ingestion intakes, 1 to 3 mg/day for up to 208 weeks, urinary lead excretion accounted for

~5% of the ingested dose (Kehoe, 1987).

Organic Lead
Lead absorbed after inhalation of tetraethyl and tetramethyl lead is excreted in exhaled air,
urine, and feces (Heard et al., 1979). Following 1 to 2 minute inhalation exposures to ***Pb

tetraethyl (1 mg/m®), in four male subjects, 37% of inhaled **

Pb was initially deposited in the
respiratory tract, of which ~20% was exhaled in the subsequent 48 hours (Heard et al., 1979).
In a similar experiment conducted with (***Pb) tetramethyl lead, 51% of the inhaled ***Pb dose
was initially deposited in the respiratory tract, of which ~40% was exhaled in 48 hours. Lead
that was not exhaled was excreted in urine and feces. Fecal/urinary excretion ratios were

1.8 following exposure to tetracthyl lead and 1.0 following exposure to tetramethyl lead (Heard
etal., 1979). Occupational monitoring studies of workers who were exposed to tetraethyl lead

have shown that tetraethyl lead is excreted in the urine as diethyl lead, ethyl lead, and inorganic

lead (Turlakiewicz and Chmielnicka, 1985; Vural and Duydu, 1995; Zhang et al., 1994).
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4.3 BIOLOGICAL MARKERS OF LEAD BODY BURDENS
AND EXPOSURE

4.3.1 Lead in Blood
4.3.1.1 Summary of Key Findings from the 1986 Lead AQCD

The extensive use of blood lead concentration as a dose metric reflects mainly the greater
feasibility of incorporating blood lead measurements into clinical or epidemiologic studies,
compared to other potential dose indicators, such as lead in kidney, plasma, urine, or bone
(Flegal and Smith, 1995; Graziano, 1994; Skerfving, 1988). However, blood lead measurements
have several limitations as measures of lead body burden (Mushak, 1989, 1993), as were noted in
Section 13.3.2 of the 1986 Lead AQCD, which discussed attributes and limitations of blood lead
concentration as an indicator of internal exposure. Since the 1986 Lead AQCD was completed
relevant developments include numerous studies of determinants of lead levels in bone (see
Section 4.3.2), which further support the importance of bone lead on blood lead as an index of
lead exposure. The enhanced understanding of lead biokinetics has also been consolidated into
exposure-biokinetics models, which not only serve to illustrate exposure-blood-body burden
relationships, but also provide a means for making predictions about these relationships that can
be tested experimentally or in epidemiologic studies. The basic concepts laid out in the 1986
Lead AQCD, that the concentration of lead in blood is largely determined by the relatively recent
exposure history of the individual and that it reflects the level of lead in a relatively mobile and
small compartment, remain valid. In children, who experience a more rapid turnover of bone

mineral than adults, blood lead concentrations closely parallel changes in total body burden.

4.3.1.2 Analytical Methods for Measuring Lead in Blood

Analytical methods for measuring lead in blood include flame atomic absorption
spectrometry (AAS), graphite furnace atomic absorption spectrometry (GFAAS), anode stripping
voltammetry (ASV), inductively coupled plasma-atomic emission spectroscopy (ICP-AES), and
inductively coupled plasma-mass spectrometry (ICP-MS). GFAAS and ASV are generally
considered to be the methods of choice (Flegal and Smith, 1995). Background correction, such
as Zeeman background correction that minimizes the impact of the absorbance of molecular
species, must be applied. Limits of detection for lead using AAS are on the order of 5-10 pg/dL

for flame AAS measurements, approximately 0.1 ug/dL for flameless AAS measurements, and
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0.005 pg/dL for GFAAS (Flegal and Smith, 1995; National Institute for Occupational Safety and
Health, 1994). Standard methods that have been reported for blood lead analysis are summarized
in Annex Table AX4-2.1. Sample preparation usually consists of wet ashing in heated strong
acid (National Institute for Occupational Safety and Health, 1977a,b,c,d,e); however, preparation
methods not requiring wet ashing have also been reported (Aguilera de Benzo et al., 1989;
Delves and Campbell, 1988; Manton and Cook, 1984; National Institute for Occupational Safety
and Health, 1977f; Que Hee et al., 1985; Zhang et al., 1997). The presence of phosphate,
ethylenediaminetetraacetic acid (EDTA), or oxalate can sequester lead and cause low readings in
flame AAS (National Institute for Occupational Safety and Health, 1984). A comparison of
IDMS, ASV, and GFAAS showed that all three of these methods can be used to quantify lead
levels in blood (Que Hee et al., 1985).

4.3.1.3 Levels of Lead in Blood

Blood lead concentrations in the U.S. general population have been monitored in the
National Health and Nutrition Examination Survey (NHANES) conducted by the Centers for
Disease Control and Prevention. Data from the most recent survey (NHANES IV, Centers for
Disease Control, 2005) are shown in Tables 4-1 and 4-2. For survey years 2001-2002, the
geometric mean blood lead concentration for ages >1 year (n = 8,945) was 1.45 png/dL (95% CI:
1.39, 1.52); with the geometric mean in males (n = 4,339) being 1.78 pg/dL (95% CI: 1.71,
1.86) and in females (n = 4,606) being 1.19 pg/dL (95% CI: 1.14, 1.25). Blood lead
concentrations in the U.S. general population have decreased over the past three decades as
regulations regarding lead paint, leaded fuels, and lead-containing plumbing materials have
decreased exposure. Changes in children over time are shown in Figure 4-3.

Yassin et al. (2004) analyzed occupational category strata from NHANES III (1988-1994;
Table 4-3). The geometric mean for all adults (n = 11,126) included in the analysis was
2.42 ng/dL (GSD 6.93), with the highest means estimated for vehicle mechanics (n = 169;
M 4.80 pg/dL [GSD 3.88]) and construction workers (n = 122; GM 4.44 pg/dL [GSD 7.84]).
See Annex Table AX4-2.2 for a summary of selected measurements of blood lead levels in

humans.
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Table 4-1. Blood Lead Concentrations in United States by Age, NHANES IV (1999-2002)

Age 1-5 years 611 years 12-19 years >20 years
Survey Period | 1999-2000  2001-2002 | 1999-2000 2001-2002 1999-2000 2001-2002 1999-2000 2001-2002
N 723 898 909 1,044 2,135 2,231 4,207 4,772
Blood Lead 2.23 1.70 1.51 1.25 1.10 0.94 1.75 1.56
(ug/dL)? (1.96,2.53) (1.55,1.87) | (1.36,1.66) (1.14, 1.36) (1.04, 1.17) (0.90, 0.99) (1.68, 1.81) (1.49, 1.62)

?Blood lead concentrations presented are geometric means (95% CI).

Table 4-2. Blood Lead Concentrations in United States by Gender, NHANES IV (1999-2002)

Gender

Males

Females

Survey Period
n

Blood Lead
(ng/dL)!

1999-2000
3,913

2.01
(1.93,2.09)

2001-2002
4,339

1.78
(1.71, 1.86)

1999-2000
4,057

1.37
(1.32, 1.43)

2001-2002
4,606

1.19
(1.14, 1.25)

?Blood lead concentrations presented are geometric means (95% CI).
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Figure 4-3. Blood lead concentrations in U.S. children, 1-5 years of age. Shown are
geometric means and 95% confidence intervals as reported from the
NHANES II (1976-1980) and NHANES III Phase 1 (1988-1991; Pirkle et al.,
1994); NHANES III Phase 2 (1991-1994; Pirkle et al., 1998); and NHANES IV
(1999-2000, 2001-2002; Centers for Disease Control, 2005).

4.3.1.4 Blood Lead as a Biomarker of Lead Body Burden

Considerable recent effort has been directed at evaluating possible associations between
lead body burden and health outcomes, including neurodevelopmental outcomes in children
(Wasserman et al., 1994) and renal cardiovascular outcomes in adults (Cheng et al., 2001; Gerr
et al., 2002; Glenn et al., 2003; Hu et al., 1996; Korrick et al., 1999; Rothenberg et al., 2002;
Tsaih et al., 2004). Conceptually, measurement of long-term lead body burden may be a
preferred dose metric if the effects of lead on a particular outcome are lasting and cumulative.
However, if the effects of lead on the outcome represent the acute effects of current exposure,
then long-term body burden may not the preferred exposure metric. In the absence of clear
evidence as to which averaging time (current versus long-term) is most relevant to a particular
outcome, both long-term and short-term dose metrics need be explored.

A simple conceptual representation of the lead body burden is that it is comprised of a fast

turnover pool, comprised mainly of soft tissue, and a slow pool, comprised mainly of skeletal
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Table 4-3. Blood Lead Concentrations by Occupation, NHANES III (1988-1994)

Blood Lead (ug/dL)
Occupation n GM GSD Maximum
Vehicle mechanics 169 4.80 3.88 28.1
Food service workers 700 2.00 2.69 27.0
Management, professional, technical, and sales workers 4,768 2.13 4.05 394
Personal service workers 1,130 2.48 4.52 25.9
Agricultural workers 498 2.76 4.02 23.4
Production workers: machine operators, material movers, etc. 1,876 2.88 4.24 52.9
Laborers other than in construction 137 3.47 3.36 21.8
Transportation workers 530 3.49 5.19 22.3
Mechanics other than vehicle mechanics 227 3.50 491 16.6
Construction trades people 470 3.66 4.64 16.9
Construction laborers 122 4.44 7.84 36.0
Health service workers 499 1.76 2.24 22.4
All workers 11,126 2.42 6.93 52.9

Data from Yassin et al. (2004).
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tissues (Rabinowitz et al., 1976). The rapid pool has an elimination half-life of ~28 days and
comprises <1% of the lead body burden. The slow pool has an elimination half-life of several
decades and comprises >90% of the total lead body burden. Blood, which comprises ~1% of
body burden, exchanges with both the slow and fast pools, and exhibits multiphasic elimination
kinetics. The dominant phase, exhibited shortly after a change in exposure occurs, has a half-life
of ~20-30 days. A slower phase becomes evident with longer observation periods following a
decrease in exposure. The half-life of this slow phase has been estimated to be ~3 to 30 years
and appears to correlate with finger bone lead levels and is thought to reflect the release of lead
from bone stores to blood. This characterization is supported by measurements of lead content
of cadaver tissues (Barry, 1975; Schroeder and Tipton, 1968), lead isotope kinetics in adults
(Chamberlain et al., 1978; Rabinowitz et al., 1976; Griffin et al., 1975), and measurements of
blood and bone lead levels in retired lead workers (Schiitz et al., 1987a; Christoffersson et al.,
1986).

As a consequence of a relatively large fraction of the body burden having a relatively slow
turnover compared to blood, a constant lead uptake (or constant intake and fractional absorption)
gives rise to a quasi-steady state blood lead concentration, while the body burden continues to
increase, largely as a consequence of retention of lead in bone (Figure 4-4). As a result, the
contribution of blood lead to body burden decreases over time. An abrupt change in lead uptake
gives rise to a relatively rapid change in blood lead, to a new quasi-steady state, achieved in
~75-100 days (i.e., 3-4 times the blood elimination half-life). In the hypothetical simulation
shown in Figure 4-4, body burden has approximately doubled (from 5 to 10 mg) as a result of a
5-year period of increased lead uptake; however, the blood lead concentration prior to and 1 year
following cessation of the increased uptake has not changed (~2 pg/dL). Therefore, a single
blood lead concentration measurement, or a series of measurements taken over a short-time span,
can be expected to be a relatively poor index of lead body burden unless exposure over the
lifetime and, thereby, body burden has been constant. On the other hand, an average of
individual blood lead concentrations measured over a longer period of time (long-term average
blood lead concentrations) can be expected to be a better index of body burden. In the
hypothetical simulation shown in Figure 4-4, both the long-term average blood lead

concentration and the body burden have approximately doubled.

May 2006 4-24 DRAFT-DO NOT QUOTE OR CITE



N
(6)]
N
[¢)]

— 20 - -20
= S
~~ Q.
2 15 15 =
T_cg’ 1 Body Burden g
@ [o%
= 101 10 3
o —
s é
9] Blood Lead B
0 . . 0
20 30 40 50
Age (year)
6 30
o = TWA Blood Lead -25
o
o o w
ST 4 208
<< D <
- = w
£T 3] 15 5
58 ° g
o S
=73 =
b0 2] Body Burden 103
Em ~
|—
1 -5
0 I x 0
20 30 40 50
Age (year)

Figure 4-4. Simulation of relationship between blood lead concentration and body burden
in adults. A constant baseline intake gives rise to a quasi-steady state blood
lead concentration, while the body burden continues to increase, largely as a
consequence of retention of lead in bone (upper panel). An abrupt change
in lead uptake gives rise to a relatively rapid change in blood lead, to a new
quasi-steady state, and a relatively small change in body burden. The long-
term average blood lead concentration more closely tracks the pattern of
change in body burden (lower panel). Simulation based on lead biokinetics
model of Leggett (1993).
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The disparity in the kinetics of blood lead and body burden has important implications for
the interpretation of blood lead concentration measurements in epidemiology studies. Cross-
sectional studies, by design, sample blood lead concentration at one time or over relatively
narrow windows of time. In these samples, the blood lead concentration may or may not reflect
well the body burden; it is more likely to do so if the measured value is a reflection of the long-
term average blood lead concentration. However, in cross-sectional samples, this cannot be
ascertained. Longitudinal sampling provides a means for estimating average blood lead
concentrations over time, and such estimates are more likely to be more strongly influenced by
differences in body burden, than by differences in short-term variability in exposure. The degree
to which repeated sampling will reflect the actual long-term time-weighted average blood lead
concentration will depend on the sampling frequency in relation to variability in exposure. High
frequency variability in exposures can produce episodic (or periodic) oscillations in blood lead
concentration and body burden that may not be captured with low sampling frequencies.

The same basic concepts described above regarding lead biokinetics of adults also apply
to children. The empirical basis for the understanding of the biokinetics of lead in children is
much weaker than that for adults. However, based on the understanding of bone mineral kinetics
and its importance as a mechanism for uptake and loss of lead from bone (Leggett, 1993;
O’Flaherty, 1991a,b,c, 1993, 1995), the slow pool, described above for adults, is thought to be
much more labile in children, reflecting a more rapid turnover of bone mineral in children. As a
result, while bone growth will contribute to accumulation of lead in bone in children, changes in
blood lead concentration in children are thought to more closely parallel changes in total body
burden (Figure 4-5). Empirical evidence in support of this comes from longitudinal studies in
which relatively high correlations (r = 0.85) were found between concurrent (r = 0.75) or lifetime
average blood lead concentrations (r = 0.85) and tibia bone lead concentrations (measured by
XRF) in a sample of children in which average blood lead concentrations exceeded 20 pg/dL;
the correlations was much weaker (r < 0.15) among children who had average blood lead
concentration <10 pg/dL (Wasserman et al., 1994). Nevertheless, in children, as in adults, the
long-term time-weighted average blood lead concentration is more likely to provide a better
reflection of lead body burden than a single sample (the exception to this would be if exposure

and, thereby, body burden was relatively constant throughout the lifetime).

May 2006 4-26 DRAFT-DO NOT QUOTE OR CITE



N
(&)
(&)

— 201 -4
= S
— Q.
o) <
= 15- '3
3 S
D o
= 101 2 S
o Body Burden ’§
= Q

@ 5] -1

Blood Lead
O T T T T T O
0 2 4 6 8 10
Age (year)
10 5
[<})

& — 8] 4
£ g
<L g_v 5. TWA Blood Lead %
=1 1 B
c ®© =
(3} Q.
3 41 2 2
= -8 Body Burden —
o O 3
Em 2 -1 <

=
0 0

0o 1 2 3 4 5 6 7 8 9 10
Age (year)

Figure 4-5. Simulation of relationship between blood lead concentration and body burden
in children. Blood lead concentration is thought to parallel body burden more
closely in children than in adults, due to more rapid turnover of bone and
bone-lead stores in children (upper panel). Nevertheless, the long-term
average blood lead concentration more closely tracks the pattern of change
in body burden (lower panel). Simulation based on Leggett (1993) lead
biokinetics model.
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4.3.1.5 Blood Lead as a Biomarker of Lead Exposure

Characterizing quantitative relationships between external lead exposures and blood lead
concentrations has become central to concentration-response analyses for human populations
exposed to lead. The 1986 Lead AQCD summarized the empirical basis for this as it stood at the
time. A summary of empirically-derived regression slope factors relating lead exposures and
blood lead is provided in Abadin and Wheeler (1993). More recent meta-analyses, based on
structure equation modeling, provide further support for quantitative relationships between lead
exposures and blood lead concentrations in children (e.g., U.S. Environmental Protection
Agency, 2001; Lanphear et al., 1998; Succop et al., 1998).

The elimination half-time of lead from blood has been estimated to be ~25 to 30 days in
adult males whose blood lead concentrations were >20 pg/dL (Chamberlain et al., 1978;
Rabinowitz et al., 1976; Griffin et al., 1975). In the latter studies, the elimination half-times
were estimated from measurements of the time to achieve a new quasi-steady state blood lead
concentration following an increase in exposure (Griffin et al., 1975), or from measurement of
the rate of change in blood concentration of an administered isotope of lead (Chamberlain et al.,
1978; Rabinowitz et al., 1976). However, the half-time for a change in blood lead concentration
(or stable isotope ratio) after an abrupt change in exposure can be much longer. Gulson et al.
(1995, 1999a) estimated the half-time for the change in stable lead isotope ratio (*°Pb/2**Pb) in
blood, after an abrupt change instable isotope exposure, to be approximately 25 to 80 days in
adult females (blood lead concentration range 3 to 20 pg/dL). Manton et al (2000) estimated the
half-time for the decline in blood lead concentration after an abrupt decrease in exposure to be
~200 to 1000 days in children (age range: 8 to 60 months, blood lead concentration: 7 to
5 ng/dL). The longer half-times measured under the latter conditions, reflect the contribution of
bone lead stores to blood lead following a change in exposure. Based on these observations,
a single blood lead concentration may reflect the near-term or longer-term history of the
individual to varying degrees, depending on the relative contributions of internal (e.g., bone) and
external sources of lead to blood lead, which, in turn, will depend on the exposure history and,
possibly age-related characteristics of bone turnover.

Analyses of serial blood lead concentrations measured in longitudinal epidemiologic
studies have found relatively strong correlations (e.g., r = 0.5 to 0.8) between individual blood

Pb concentrations measured after 6 to 12 months of age (Dietrich et al., 1993; McMichael et al.,
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1988; Otto et al., 1985; Rabinowitz et al., 1984; Schnaas et al, 2000). These observations
suggest that, in general, exposure characteristics of an individual child (e.g., exposure levels
and/or exposure behaviors) tend to be relatively constant across age. However, a single blood
lead measurement may not distinguish between a history of long-term lower level lead exposure
from a history that includes higher acute exposures (Mushak, 1998). This is illustrated in
Figure 4-6. Two hypothetical children are simulated. Child A has a relatively constant lead
intake from birth; whereas Child B has the same long-term lead intake as Child A, with a 1-year
elevated intake which begins at age 24 months (Figure 4-6, upper panel). The absorption
fraction is assumed to be the same for both children. Blood lead samples 1 and 5, or 2 and 4,
will yield similar blood lead concentrations (~3 or 10 ug/dL, respectively), yet the exposure
contexts for these samples are very different. Two samples (e.g., 1 and 2, or 4 and 5), at a
minimum, are needed to ascertain if the blood lead concentration is changing over time. The rate
of change can provide information about the magnitude of change in exposure, but not
necessarily about the time history of the change (Figure 4-6, lower panel). Here again, time-
integrated measurements of lead concentration may provide a means for accounting for some of
these factors and, thereby, provide a better measure of long-term exposure. The same concepts
apply to estimation of long-term exposure based on blood lead measurements in adults
(Gerhardsson et al., 1992, 1995a; Roels et al., 1995).

An additional complication is that the relationship between lead intake and blood lead
concentration is curvilinear; that is, the increment in blood lead concentration per unit of lead
intake decreases with increasing blood lead concentration, both in children (Lacey et al., 1985;
Ryu et al., 1983; Sherlock and Quinn, 1986) and in adults (Kehoe, 1987; Laxen et al., 1987,
Pocock et al., 1983; Sherlock et al., 1982, 1984). The nonlinearity is evident even at blood lead
concentrations below 25 pg/dL (Figure 4-7). The nonlinearity in the lead intake-blood lead
concentration relationship is derived, at least in part, from a capacity limitation in the
accumulation of lead in erythrocytes (Bergdahl et al., 1997a, 1998, 1999; Manton et al., 2001;
Smith et al., 2002). A capacity-limited process may also reside at the level of intestinal
absorption; however, the dose at which absorption becomes appreciably limited in humans is not
known. Lead intake-blood lead relationships also vary (a) with age, as a result of age-
dependency of gastrointestinal absorption of lead, and (b) with diet and nutritional status

(Mushak, 1991).
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The blood lead concentration is also influenced by lead in bone. Evidence for the
exchange of bone lead and soft tissue lead stores comes from analyses of stable lead isotope
signatures of lead in bone and blood. As noted earlier, bone lead likely contributes to the slow
phase of elimination of lead from blood that has been observed in retired lead workers
(Christoffersson et al., 1986; Schiitz et al., 1987a). Bone lead stores may contribute 40 to 70% of
the lead in blood (Manton, 1985; Gulson et al., 1995; Smith et al., 1996). This contribution
increases during pregnancy, when mobilization of bone lead increases, apparently as the bone is
resorbed to produce the fetal skeleton (Gulson et al., 2003). The mobilization of bone lead
during pregnancy may contribute, along with other mechanisms (e.g., increased absorption),
to the increase in lead concentration that has been observed during the later stages of pregnancy
(Gulson et al., 1997; Lagerkvist et al., 1996; Schuhmacher et al., 1996). In addition to
pregnancy, other states of increased bone resorption appear to result in release of bone lead to
blood; these include lactation, osteoporosis, and menopause (Gulson et al., 2003). These
observations are consistent with epidemiologic studies that have shown increases in blood lead
concentration after menopause and in association with decreasing bone density in
postmenopausal women (Hernandez-Avila et al., 2000; Nash et al., 2004; Symanski and Hertz-
Picciotto, 1995). The relationship between blood and bone lead is discussed further in Section

4.3.2 on bone lead as a biomarker of lead exposure.

4.3.1.6 Summary of Blood Lead as a Biomarker of Lead Body Burden and Exposure

The blood lead concentration measured in an individual will be determined by the recent
exposure history of the individual, as well as the long-term exposure history that gives rise to
accumulated bone lead stores. The contribution of the latter to blood lead may change with the
duration and intensity of the exposure, age, and various physiological variables (e.g., nutritional
status, pregnancy, menopause). Longitudinal measurements of blood lead can be expected to
provide a more reliable measure of exposure history of an individual (and will more closely
parallel body burden) compared to a single measurement; however, the degree to which this will
apply will depend on the sampling frequency with respect to the temporal pattern of exposure.

In general, higher blood lead concentrations can be interpreted as indicating higher

exposures (or lead uptakes); however, they do not necessarily predict appreciably higher body
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burdens. Similar blood lead concentrations in two individuals (or populations) do not necessarily

translate to similar body burdens or similar exposure histories.

4.3.2 Lead in Bone
4.3.2.1 Summary of Key Findings from the 1986 Lead AQCD

In the 1986 Lead AQCD, the discussion on the distribution of lead in bone was fairly
limited and mostly based on postmortem studies. The distribution between the two major
compartments of cortical and trabecular bone were addressed especially based on the pioneering
isotopic work of Rabinowitz et al. (1977). Estimates of the amount of lead in bone were also
provided. There was limited discussion of the half-life of lead in bone as being on the order of
several decades.

One of the major conclusions of the 1986 Lead AQCD regarding bone lead was that the
traditional view that the skeletal system was a total sink for body lead was now giving way to the
notion that there were at least several bone compartments for lead, with different mobility
profiles. The possibility of bone lead serving as a source of long-term internal exposure was also
considered.

Since 1986, the main focus of lead in bone studies has been on occupationally-exposed
subjects, because of concern, until more recent times, about the ability to measure lower levels of
lead in bone from environmentally-exposed subjects. Furthermore most of the focus has been on
adult males, with very few studies on females and children. The newly available studies of lead

in bone are discussed in the following sections.

4.3.2.2 Methodology of Bone Lead Analysis
Analytical Methods for Measuring Lead in Bone

Bone is comprised of two main types (cortical and trabecular) that have distinct rates of
turnover and lead release, resulting in potential differences in implications with respect to
toxicity aspects (further discussed in Section 4.3.2.3). The most commonly measured bones are
the tibia, calcaneus, patella, and finger bone. For cortical bone, the midpoint of the tibia is
measured. For trabecular bone, both the patella and calcaneus are measured. Recent studies
favor measurement of the patella, because it has more bone mass and may afford better

measurement precision than the calcaneus. The advantages and disadvantages of patella and
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calcaneus sites have not been thoroughly investigated. Bone lead measurements in cadavers,
environmentally-exposed subjects, and occupationally-exposed subjects are presented in Annex
Tables AX4-2.3, AX4-2.4, and AX4-2.5, respectively.

Bone analysis methods for in vivo measurements have included AAS, ASV, ICP-AES,
ICP-MS, laser ablation inductively coupled plasma mass spectrometry (LAA ICP-MS), thermal
ionization mass spectrometry (TIMS), synchrotron radiation induced X-ray emission (SRIXE),
particle induced X-ray emission (PIXE), and X-ray fluorescence (XRF). Since the 1986 Lead
AQCD, there have been many new papers published on bone lead using XRF. The upsurge in
popularity of the XRF method has paralleled a decline in the use of the other methods.

In the past, two main approaches for XRF measurements have been used to measure lead
concentrations in bone, the K-shell and L-shell methods. The K-shell method is now the most
widely used, as there have been no further developments in L-shell devices since the early 1990s.
The K-shell methods using *’Cd and '®Cd have been described in detail by Somervaille et al.
(1989). Briefly, the K-shell XRF method uses 88.034 keV gamma rays from '*’Cd to fluoresce
the K-shell X-rays of lead.

Plaster-of-Paris “phantoms” with varying lead concentrations measured by ICP-MS or
AAS are used to calibrate the K shell systems. Differences and corrections in the use of the
phantoms have been discussed in for example, Gordon et al. (1994), Kondrashov and Rothenberg
(2001a), Todd et al. (2000), Todd and Chettle (2003), and Chettle et al. (2003). Todd et al.
(2002) also commented that the calibration of '®Cd based K shell XRF equipment with
standards that consist of a lead-doped Plaster-of-Paris matrix are not valid because Plaster-of-
Paris is not true bone matrix. The problem of contamination from various sources (external or
the matrix of the Plaster-of-Paris phantom) and its impact on variance was addressed by Todd
(2000).

There have been several publications focused on the calculating estimates of lead
concentrations and uncertainties for XRF measurements (Kondrashov and Rothenberg, 2001a,b;
Gordon et al. 1993; Todd, 2000; Todd and Chettle, 2003; Chettle et al., 2003; Todd et al., 2003)
culminating in an agreed position in 2003 for these uncertainties (Chettle et al., 2003). Todd
et al. (2000) provide a detailed discussion of the influences on the variability and measurement
uncertainty including: repositioning, sample measurement duration, overlying tissue, operator

expertise, detector resolution, and changes to measurement process over time. Some of these
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aspects were also discussed by Hu et al. (1995). In a K shell XRF study of 210 children aged
11 to 12 years from a smelter town in Yugoslavia, Todd et al. (2001) (ER) decided that the
methodological uncertainty in children was comparable to that in adults.

Apart from the recent study into the L shell method by Todd et al. (2002a), there have
been several investigations into the reproducibility and accuracy of the K shell method. The
main approaches have been repeated measurements on the same individuals within a limited
timeframe, repeat measurements on the same individuals over an extended time frame, repeat
measurements of cadaver legs at the same location (and compared with AAS analyses), and
extended measuring times (Somervaille et al., 1986; Aro et al., 2000; Gordon et al., 1994;
Hoppin et al., 2000; Todd et al., 2000). In one of the earliest validation studies, Somervaille et al.
(1986) compared K shell and AAS measurements of 30 dissected tibia whose lead values ranged
from 6.5 to 83 ng/g of ashed bone. They found no evidence of a systematic difference between
the two measurement techniques of more than 1 pg/g.

Short term variability of XRF results was investigated in two recent studies of cadaver
legs. In the first study, Aro et al (2000) compared lead levels in 8 cadaver legs: XRF measures
of intact bone with skin and hair, bare bones and then ashed bone by ICP-MS. The XRF
measurements involved 10 consecutive 30 minute measurements on each bone. In the tibia, lead
concentrations by XRF showed standard deviations for each bone ranging from 6 to 58% for
intact bone (mean 27%) and 13 to 36% for bare bone. Patella lead concentrations had standard
deviations ranging from 9 to 88% (mean 36%) for intact bone and 6 to 64% (mean 19%) for bare
bone. ANOVA results showed that after controlling for sampling variation contributed by age,
gender and leg sections, no significant difference was found for mean lead concentrations
measured on intact bone and bare bone and by ICP-MS methods.

In the other cadaver study, Todd et al. (2000) measured 10 intact adult legs and the bare
tibia dissected from 9 of these legs for investigation of the short term variability in XRF results.
Each bare tibia was measured 6 times over 3 hours (without repositioning the tibia
measurements) at the same location as when measured intact. In addition, 4 volunteers
underwent monthly single measurements of the left tibia for 1 year. As a further check or
reproducibility, half-hour measurements on the standard bone - NIST 1400 —were measured:

30 measurements were taken over a period of four days repositioning the sample between each

measurement, and 60 consecutive measurements acquired over and 30-hour period without
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repositioning the sample. They concluded that: “the uncertainty in an individual measurement is
an underestimate of the standard deviation of replicate measurements, suggesting a
methodological deficiency probably shared by most current '*’Cd-based K-shell XRF lead
measurement systems.”

As part of the same study of cadaver legs, 9 tibia were divided into cross-sectional
segments 2 cm apart which were further separated into the tibia core and surface samples for the
AAS measurements (Todd et al. 2002b). The authors found no statistically significant difference
between mean XRF measured concentrations and mean surface lead concentrations measured by
AAS but the XRF measurements for tibia core lead concentrations were significantly
overestimated by between 5 and 8 pg/g bone mineral. That is, XRF more closely reflects lead
concentrations at tibia surface than in tibia core.

In another aspect of the cadaver studies of Todd and colleagues (Todd et al., 2001)
measured multiple locations on the 10 intact legs and on the 9 bare tibiae. For example, each
intact leg underwent single XRF measurements at each of 10 locations along a middle track,
extending to 10 cm above and below the vertical mid point of the tibia. Each of the 9 bare tibia
underwent at least 6 XRF measurements without repositioning the tibia between measurements
at each centimeter location on a 9 cm x 3 cm grid that covered the upper half of the tibia
(27 locations). In bare tibia mean XRF results increased up-and-down from the vertical midpoint
of the tibia, consistent with the idea that the ends of tibia contain a larger component of
trabecular bone than the middle section thereby increasing the '°’Cd based XRF result. This
finding contrasted with those of Hoppin et al. (2000); Todd et al. (2001) attributed the difference
to the smaller range of vertical displacement (=1 cm) in 4 bare bones measured by Hoppin et al.
(2000). However, in single XRF spectra taken at multiple locations on intact limbs, there was no
detectable effect of vertical location on XRF result; Todd et al. (2000) suggested that measuring
away from the vertical midpoint of the tibia should not be of practical concern when performing
in vivo XRF measurements. Aro et al. (2000) also concluded that bone lead was reasonably
homogeneously distributed.

A comparison of lead concentrations between right and left tibia in 12 human skeletons to
assess natural homogeneity of lead content revealed natural symmetry with a calculated
correlation coefficient of 0.9 (Wittmers et al., 1988). K shell XRF measurements on left and

right tibia in 14 subjects showed no significant differences between legs (Gordon et al., 1994).
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The reproducibility of XRF measurements over extended intervals has been investigated
in several studies. Gordon et al. (1994) measured 5 subjects 5 times on 2 occasions 10 months
apart and found mean standard deviations of 3.4 and 5.1 pg/g bone mineral for males and
females respectively. Armstrong et al. (1992) measured tibia lead concentrations on two
occasions separated by 5 years of a group of workers occupationally exposed to lead. In 1983,
the average uncertainty in a single measurement was 9.3 ug/g bone mineral with a mean lead
concentration in 15 subjects of 54.4 pug/g bone mineral. In 1988, the uncertainty was 4.9 ug/g
and mean value for 11 subjects was 44.2 ug/g. They suggested that the difference in
measurements separated by 5 years could be accounted for by counting statistics. Todd
et al. (2000) performed 27 replicate measurements on 10 intact cadaver legs on the same location
over a period of 42 months. The found the average difference between the (average) XRF
results from short term and longer term measurements was 1.2 pg/g “showing there is a
reassuringly small amount of variability in the XRF results over a sustained period of time”

(p. 3743). They also performed monthly measurements on 4 adult volunteers (2 male, 2 female)
over 1 year. Tibia lead varied from 6.4 to 12.9 ng/g bone mineral and standard deviations of the
measurements ranged from 4.9 to 9.9 pg/g.

Attenuation of X-rays by skin and hair can affect the bone lead measurements. For
example, normalization of the lead X-rays to the elastic scatter was considered to render the
accuracy of measurements insensitive to variations in overlying tissue thickness (Chettle et al.,
1991; Hu et al., 1995). Todd et al. (2000, p 3737) state that: “The principal factor influencing a
human subject’s bone lead measurement uncertainty is the thickness of tissue overlying the bone
that is measured” but concluded (page 3742) from the difference in average XRF results for
intact and bare bone that the bone lead measurements were qualitatively independent of the
presence of overlying tissues.

However, in a study of young adults, McNeill et al. (1999) found that the measurement
uncertainties were greater than uncertainties for occupationally exposed males and attributed this
to inclusion of obese subjects and females in their study; uncertainties increased with bone body
mass index and were poorer for females than males.

In a study of 108 former female smelter employees and 99 referents, Popovic et al. (2005)

suggest that a high body mass index can give distorted values.
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In the most recent study using nine leg phantoms of different soft tissue thickness, Ahmed
et al. (2006) found that by increasing the overlying tissue thickness from 3.2 to 14.6 mm, there
was an increase in average measurement uncertainty by a factor of 2.4 and an increase in
minimum detectable limit by a factor of 2.46.

Since 1986, several investigators have reported refinements to hardware and software to
improve the precision and accuracy of XRF measurements and there have been a number of
investigations into the precision, accuracy and variability in XRF measurements (e.g., Aro et al.,
2000; Todd et al., 2000, 2001, 2002). Todd et al. (2000) provided a detailed discussion of
factors that influence the variability and measurement uncertainty, including repositioning,
sample measurement duration, overlying tissue, operator expertise, detector resolution, and
changes to measurement process over time. Some of these aspects were also discussed by
Hu et al. (1995). From their cadaver and in vivo measurements, Todd et al. (2000) concluded
that the uncertainty in an individual measurement was an underestimate of the standard deviation
of replicate measurements, suggesting a methodological deficiency probably shared by most
current '*Cd-based K-shell XRF lead measurement systems. In examining the reproducibility of
the bone lead measurements over a 42 month period, Todd et al. found the average difference
between the XRF results from short term and longer term measurements was 1.2 pg/g, indicating

only a small amount of variability in the XRF results over a sustained period of time.

Statistical Methods for Analyzing Bone Lead Concentrations in Epidemiologic Studies

In the literature, XRF bone data has typically been reported in two ways: one involving a
methodological approach to assessing the minimum detection limit and the other termed an
epidemiologic approach by Rosen and Pounds (1998). In the methodological approach, a
minimum detection limit is defined using various methods, including two or three times the
square root of the background counts; one, two, or three times the SD of the background; and
two times the observed median error. This approach relies upon the minimum detection limit to
define a quantitative estimate that is of sufficient precision to be included in the statistical
analysis. The following are examples of methodological minimum detection limits for bone lead
analyses. Bellinger et al. (1994) observed minimum detection limits, equivalent to the SD, of
5.4 ng/g for tibia and 9.2 pg/g for patella. Using twice the median observed error, Gerhardsson
et al. (1993) observed minimum detection limits of 9.8 ng/g for tibia and 19.1 pg/g for

May 2006 4-38 DRAFT-DO NOT QUOTE OR CITE



O© 0 9 N »n b~ W N =

W W NN NN NN N NN === == = = = = =
—_ O O X N N kR WD RO O NN R W N~ O

calcaneus. For finger bone lead measurements, Christoffersson et al. (1986) observed a
minimum detectable limit of 20 pg/g, which was equivalent to three times the square root of the
background counts.

With the epidemiologic approach, to determine the minimum detection limit of an
instrument all values are used (including negative values), which results in extremely low
detection limits. Rosen and Pounds (1998) noted that this approach yields population bone lead
averages that they considered artificially low and inconsistent with observations from many other
earlier studies. However, not including values that are negative or below the detection limit, or
assigning these values a fixed number for the statistical analysis is also of concern. To examine
and compare the two methods used to analyze data at low levels of bone lead concentration,
Kim et al. (1995) performed serial measurements on phantoms containing spiked amounts of
lead. The results demonstrated that the use of methodological minimum detection limits to
recode low-level observations reduced the efficiency of the analysis and the ability to distinguish
between the phantoms. Using the epidemiologic approach of retaining all point estimates of
measured bone lead concentrations provided less bias and greater efficiency in comparing the

mean or median levels of bone lead of different populations.

4.3.2.3 Bone Lead as a Biomarker of Lead Body Burden
Uptake of Lead in Bone

The dominant compartment for lead in the body is in bones. In human adults, more than
90% of the total body burden of lead is found in the bones, whereas bone lead accounts for ~70%
of the body burden in children (Barry, 1975). Bone is comprised of two main types, cortical and
trabecular. The tibia consists of more than 95% cortical bone, the calcaneus and patella
comprise more than 95% trabecular bone, and finger bone is a mixed cortical and trabecular bone
although the second phalanx is dominantly cortical. The cortical and trabecular bones have
distinct rates of turnover and lead release, as well as potentially different associated toxicity
implications (Hu et al., 1998). For example, adult tibia has a turnover rate of about 2% per year
whereas trabecular bone has a turnover rate of more than 8% per year (Rabinowitz, 1991). The
proportion of cortical to trabecular bone in the human body varies by age, but on average is
about 80 to 20 (International Commission on Radiological Protection, 1973). Although not so

important for certain types of measurements, the periosteum is of limited dimension and may
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reflect a bone compartment of more rapid deposition and turnover of lead than the other two
types (Skerfving et al., 1993), which would also likely have implications for toxicity, especially
for chelation therapy.

Much of the understanding of bone structure and metal deposition comes from studies of
radioactive elements (e.g., International Commission on Radiological Protection, 1996). Durbin
(1992, page 823) suggests that there is “an initial deposition of lead on anatomical bone surfaces
with some skewing to the well nourished trabecular surfaces in red marrow, intense deposits at
bone growth sites, and later on, a nearly diffuse labeling throughout the bone volume. For
constant intake of lead during growth, it is expected that lead will be nearly uniformly distributed
in the mineralized bone. Single or irregular intakes during growth are expected to result in
residual buried lines and hotspots superimposed on a relatively uniform diffuse concentration in
bone mineral volume. . . For example, periosteal and subperiosteal lead deposits in the long
bones, including those of the hands and feet, are likely to be greater than at many other sites,
since bone growth continues at the periosteal surface while the endosteal surface is resorbed.”

The importance of bone marrow was also stressed by Salmon et al. (1999), with a key
factor affecting lead uptake into bone being the fraction of bone surface in trabecular and cortical
bone adjacent to active bone marrow. The fraction of total marrow that is red and active
decreases from 100% at birth to about 32% in adulthood (Cristy, 1981). Early lead uptake is
greater in trabecular bone due to its larger surface area and higher metabolic rate. Of the total
bone surface against red marrow, 76% is trabecular and 24% is cortical endosteal (Salmon et al.,
1999). Bone marrow has much lower lead concentrations than bone matrix (Skerfving

etal., 1983).

Half-Life of Lead in Bone

Estimates of the half-life of lead in trabecular bone are partly dependent on the tissue
analyzed and the “purity” of the trabecular component (e.g., patella, calcaneus, and phalanx).
Earlier estimates of the half-life of lead in trabecular bone ranged from 12 to 19 years (Bergdahl
et al., 1998; Gerhardsson et al., 1993). For cortical bone, estimates for the half-life of lead
were on the order of 13 to 27 years (Bergdahl et al., 1998; Gerhardsson et al., 1993;
Rabinowitz, 1991).
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With respect to half-lives in bone, recent K-shell XRF bone studies have indicated that
earlier concepts of a constant rate of removal of lead from bone throughout adulthood assumed
in models of human metabolism (Leggett, 1993; O’Flaherty, 1993) may be incorrect. In a study
of active and retired smelter workers, Brito et al. (2001) suggested that people less than 40 years:
old had a shorter half-life for the release of lead from the tibia than those older than 40 years,

4.9 years (95% CI: 3.6, 7.8) compared to 13.8 years (95% CI: 9.7, 23.8), respectively. Also,
they suggested that less intensely exposed subjects with a lifetime averaged blood lead of
<25 pg/dL had a shorter half-life in the tibia (6.2 years [95% CI: 4.7, 9.0]) than those with a
lifetime averaged blood lead >25 nug/dL (14.7 years [95% CI: 9.7, 29.9]).

Even by the end of the sixth decade, ~35 to 40% of skeletal mass consists of
unremodelled first generation bone acquired during childhood and adolescence (International
Commission on Radiological Protection, 1973). This statement contrasts with that of O’Flaherty
(1993) who suggested that because of the relatively short half-life of lead in the bones of children
that much of the lead incorporated during active growth would not persist into adulthood. In a
comparison of lead in tooth dentine and the tibia from young adults who were followed up after a
period of 13 years, Kim et al. (1996) suggested that “pockets” of lead acquired in childhood may
persist into adults. Likewise, McNeill et al. (2000) compared tibia lead levels and cumulative
blood lead indices in a population of 19 to 29 year olds who had been highly exposed to lead in
childhood from the Bunker Hill, Idaho smelter. They concluded that lead from exposure in early

childhood had persisted in the bone matrix until adulthood.

Changes in Bone Lead Concentrations with Age

Conventional and XRF analyses of bone have shown significant increases in bone lead
with age (Hu et al., 1990, 1996; Kosnett et al., 1994; Morgan et al., 1990). Kosnett et al. (1994)
observed no significant change in bone lead concentrations up to age 20 years, but found an
increasing trend with the same slope for men and women between the ages of 20 to 55 years and
an increase to a faster rate in men older than 55 years. Kosnett et al. reanalyzed earlier cadaver
cortical bone data of Drasch et al. (1987) and found that male bone lead values increased
significantly after age 40 years, whereas female values slightly declined. A similar analysis of
the post-mortem data of Barry (1975) showed an upward inflection for all males after age

35 years. Kosnett et al. (1994) found no significant slope to the relationship between age and
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bone lead for the 10 to 20 year old subjects, in contrast to Barry (1975) and Drasch et al. (1987).
Kosnett et al. (1994) further noted that relatively high environmental lead levels characterized
various populations in the past and would have resulted in higher levels of bone lead deposition;
a portion of the increase of bone lead with age is thus likely attributable to an exposure cohort
effect.

Annual increments of lead to bone vary although no attempt has been made to determine
whether the differences are significant. For example, the annual increment of 0.46 ug/g bone
mineral/year found by Gordon et al. (1993) was slightly lower than that found by Somervaille
et al. (1989), but the difference was not significant. After age 20 years, Kosnett et al. (1994)
found the annual increment to be 0.38 pug/g bone mineral/year. Hu et al. (1990) reported a value
of 0.31 pg/g bone mineral/year for subjects ranging in age from 20 to 58 years. Thus,

interpreting variations in bone lead as a function of age is complex.

4.3.2.4 Distribution of Lead from Bone into Blood and Plasma
Contribution of Bone Lead to Blood Lead

Although the skeleton was recognized as a potentially significant contributor to blood lead
in the 1986 Lead AQCD, there have been several investigations using both bone lead XRF and
stable lead isotope methods which have helped quantify the contribution. The earlier estimation
of skeletal contribution to blood lead was 70% by Manton (1985) and ~65% ranging up to 100%
by Schiitz et al. (1987b). The more recent isotope studies confirmed these estimates. Using
female immigrants to Australia and their children, Gulson et al. (1995, 1997, 1999a) found a
mean value of 50% (range 16-73%) deriving from the skeleton. Smith et al. (1996) found a
range of 40-70% in five patients who underwent total hip or knee joint replacement. Gwiazda
et al. (2005) observed a range of 40-65% in two children and >90% in one child. Studies
examining the bone lead contribution to blood lead are presented in Annex Table AX4-2.6.

The contribution of skeletal lead to blood lead was further examined in females from
varying environments. In middle-aged to elderly subjects (46-74 years), an increase of 19 ng/g
of lead in tibia bone mineral was associated with an increase in blood lead of 1.7 pg/dL, which
corresponds to a 0.09 pg/dL increase in blood lead per 1 pg/g bone mineral (Korrick et al.,
2002). A study of 108 former workers at the Bunker Hill smelter in northern Idaho and

99 referents from the Spokane, WA area examined the endogenous bone lead release rate of
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postmenopausal and premenopausal women (Popovic et al., 2005). The results indicated that the
endogenous release rate in postmenopausal women (0.13 pg/dL per pg/g bone) was greater than
the rate found in premenopausal women (0.07 pg/dL per pg/g bone). In a Mexico City study, the
endogenous bone lead release rate in postmenopausal women also was observed to be double
that in premenopausal women (Garrido-Latorre et al., 2003). A change of 10 pg/g bone mineral
was associated with an increase in blood lead of 1.4 pg/dL in postmenopausal subjects,
compared to an increase of 0.8 ug/dL in premenopausal women. Lactation was also found to
affect the endogenous bone lead release rate. After adjusting for patella lead concentration, an
increase in blood lead levels of 12.7% (95% CI: 6.2, 19.6) was observed for women who
practiced partial lactation and an increase of 18.6% (95% CI: 7.1, 31.4) for women who
practiced exclusive lactation compared to those who stopped lactation (T¢llez-Rojo et al., 2002).

The mean cortical lead to current blood lead ratios for occupationally-exposed subjects
are shown in Figure 4-8. Box plots were calculated using data from the following studies:
Bergdahl et al., 1998; Brito et al., 2002; Christoffersson et al., 1984; Erfurth et al., 2001; Erkkila
et al., 1992; Fleming et al., 1998; Gerhardsson et al., 1993; Hénninen et al., 1998; Juarez-Perez
et al., 2004; Popovic et al., 2005; Roels et al., 1995; Schwartz et al., 2000a,b; Somervaille et al.,
1988, 1989; Todd et al., 2001. The mean cortical lead to current blood lead ratio is about 1.2
(range 0.4-2.6) for active employees (n = 17). For retired employees (n = 7), the mean is 3.2
(range 2.0-5.3), while for environmentally-exposed referent subjects from these industries (n = 7)
the mean ratio is about 1.3 (range 1-2.2). The differences in the cortical lead to blood lead ratio
between active and retired employees and retired employees and referents are significant
(p <0.01) but not between active employees and referents. Several investigators have pointed
out the weak association between bone lead and blood lead in active employees in comparison
with the stronger association with retired employees (e.g., Erkkila et al., 1992; Fleming et al.,
1997; Gerhardsson et al., 1993). This is likely because circulatory lead of active employees
reflects mainly ongoing exposure, whereas that in retired employees is more dependent on lead
released from the skeleton.

The mean tibia lead to current blood lead ratios for environmentally-exposed subjects is
shown in Figure 4-9. The box plot for pregnancy-related subjects was calculated using data from
the following studies: Brown et al., 2000; Chuang et al., 2001; Ettinger et al., 2004; Gomaa
et al., 2002; Gonzalez-Cossio et al., 1997; Hernandez-Avila et al., 1996, 1998, 2002, 2003;
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Figure 4-8. Cortical lead to blood leads ratios for occupationally-exposed subjects
(both active and retired) and referents. Data compiled from several studies.
See text for more details.

Hu et al., 1996; Moline et al., 2000; Rothenberg et al., 2000; Sanin et al., 2001; Téllez-Rojo

et al., 2002, 2004. The box plot for middle-aged and elderly subjects included the following
studies: Berkowitz et al., 2004; Cheng et al., 1998; Garrido-Lattore et al., 2003; Hu et al., 1996,
2001; Korrick et al., 2002; Kosnett et al., 1994; Oliveira et al., 2002; Schafer et al., 2005; Tsaih
et al., 2004; Webber et al., 1995. The box plot for the younger subjects (age range 1-30 years)
included Farias et al., 1998; Kim et al., 1996; Rosen et al., 1989; Stokes et al., 1998. The mean
tibia lead to blood lead ratio for pregnancy-related subjects (n = 21) is 1.5 (range 1.0-4.2) and is
statistically significantly different (p < 0.001) from the mean ratio of 3.4 (range 1.6-5.4) for
middle-aged to elderly subjects (n = 27). Similar relationships are observed for the patella lead

to blood lead ratios for pregnancy-related subjects and middle-aged to elderly subjects.
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Figure 4-9. Tibia leads to blood lead ratios for environmentally-exposed pregnancy-
related subjects, middle-aged to elderly subjects, and younger subjects.
Data compiled from several studies. See text for more details.

In several other studies of environmentally-exposed subjects, there is a stronger
relationship between patella lead and blood lead than tibia lead and blood lead (e.g., Hernandez! |
Avila et al., 1996; Hu et al., 1996, 1998). Hu et al. (1998) suggest that these relationships
indicate that trabecular bone is the predominant bone type providing lead back into circulation
under steady-state and pathologic conditions. The stronger relationships between blood lead and
trabecular lead compared with cortical bone is probably associated with the larger surface area of
trabecular bone allowing for more lead to bind via ion exchange mechanisms and more rapid

turnover making it more sensitive to changing patterns of exposure.

Partitioning of Bone Lead into Plasma
Although most of the lead in whole blood is associated with erythrocytes (~99%), it has
been suggested that the small fraction of lead in plasma (<0.3%) may be the more biologically

labile and toxicologically active fraction of the circulating lead. Several authors have proposed
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that lead released from the skeleton was preferentially partitioned into serum compared with red
cells (Cake et al., 1996; Hernandez-Avila et al., 1998; Tsaih et al., 1999) with one explanation
being that the lead from endogenous sources was in a different form to that from exogenous
sources. In the latter study, Tsaih et al. (1999) suggested that urine was a satisfactory proxy for
serum. However, this concept has been withdrawn by its main proponents. In matched blood and
urine samples from 13 migrant subjects to Australia who were monitored prior to and during
pregnancy, there was no statistically significant difference in the *°Pb/***Pb and *°’Pb/**°Pb
ratios over pregnancy and the urine results for the postpartum period were in the opposite

relationships to those predicted for a preferential partitioning hypothesis (Gulson et al., 2000).

4.3.2.5 Mobilization of Lead From Bone

Although earlier investigators such as Brown and Tompsett (1945), Ahlgren et al. (1976)
and Christoffersson et al. (1984) suggested that the skeleton was a potential endogenous source
of lead poisoning, the opposing concept of the skeleton as a “safe” repository for lead persisted
until the mid-1980s and early 1990s. Potential mobilization of lead from the skeleton could
occur at times of physiological stress associated with enhanced bone remodeling such as during
pregnancy and lactation (Hertz-Picciotto et al., 2000; Manton, 1985; Silbergeld, 1991),
menopause or in the elderly (Silbergeld, 1991; Silbergeld et al., 1988), extended bed rest
(Markowitz and Weinberger, 1990), hyperparathyroidism (Kessler et al., 1999), and
weightlessness. The lead deposited in the bone of adults can serve to maintain blood lead levels
long after exposure has ended (Fleming et al., 1997; Gulson et al., 1995; Inskip et al., 1996;
Kehoe, 1987; Manton, 1985; Nilsson et al., 1991; O’Flaherty et al., 1982; Schiitz et al., 1987b;
Smith et al., 1996).

In the 1986 Lead AQCD, there was a comprehensive summary of chelation therapies and
the recognition that there was limited release of lead from bones. The potential role of bone lead
as an endogenous source of lead in blood, resulting in elevated levels for former lead employees,

was mentioned although data to support this hypothesis were limited.
Mobilization of Lead from Bone during Pregnancy and Lactation

Bone lead studies of pregnant and lactating subjects are summarized in Annex Table

AX4-2.7. Most of the bone XRF studies on pregnancy and lactation have focused on subjects
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from Mexico City and Latin subjects from Los Angeles, California. Relationships and/or health
outcomes from these investigations include: patella bone as a significant contributor to blood
lead (Brown et al., 2000; Hernandez-Avila et al., 1996); a positive association between plasma
lead and bone lead in the highest bone lead group of pregnant women (T¢llez-Rojo et al., 2004);
a positive association of tibia and calcaneus lead with prenatal lead concentration, and calcaneus
lead with postnatal lead (Rothenberg et al., 2000); a positive association of tibia lead and
seasonal variations in blood lead (Rothenberg et al., 2001); maternal tibia and patella lead as
significant predictors of fetal exposure determined using cord blood (Chuang et al., 2001);

a positive association of calcaneus lead and increased systolic and diastolic blood pressure in the
third trimester (Rothenberg et al., 2002); an inverse relationship between maternal tibia and
patella lead, and birth weight (Gonzalez-Cossio et al., 1997; Sanin et al., 2001); an inverse
association between tibia lead and birth length, and patella lead and head circumference
(Hernandez-Avila et al., 2002); an inverse association of maternal patella bone and Mental
Development Index (Gomaa et al., 2002); increased bone resorption during lactation (Téllez-
Rojo et al., 2002); increased lead in breast milk with an increase in patella and tibia lead
(Ettinger et al., 2004).

Lead isotope studies on immigrant women to Australia (Gulson et al., 1997, 1998a)
confirmed the earlier work of Manton (1985) of increased blood lead during pregnancy. Gulson
et al. reported that, during pregnancy, blood lead concentrations in the first immigrant cohort
(n=15) increased by an average of about 20% compared to non-pregnant migrant controls
(n="7). The percentage change in blood lead concentration was significantly greater during the
postpregnancy period than during the second and third trimesters (p < 0.001). Skeletal
contribution to blood lead, based on the isotopic composition for the immigrant subjects,
increased in an approximately linear manner during pregnancy. The mean increases for each
individual during pregnancy varied from 26% to 99%. Skeletal lead contribution to blood lead
was significantly greater during the postpregnancy period than during the second and third
trimesters. The contribution of skeletal lead to blood lead during the postpregnancy period
remained essentially constant at the increased level of lead mobilization. In a follow-up study
using a different immigrant cohort of 12 women with calcium supplementation at the
recommended level of approximately 1,000 mg/day (National Institutes of Health, 1994), Gulson

et al. (2004) found increased mobilization of lead occurred in the third trimester rather than in
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the second trimester as observed with first cohort. In addition, the extra flux released from bone
during late pregnancy and postpartum varied from 50 to 380 pg (geometric mean 145 ug)
compared with 330 pg in the previous cohort.

In an extended monitoring of 7 subjects for up to 22 months postpartum, Gulson et al.
(1999a) found that blood lead concentrations in some of the subjects decreased to about half the
earlier levels almost immediately after cessation of breastfeeding. However, in 4 of the 7 cases
there was a rebound in blood lead concentrations that exceeded the earlier levels in 3 cases. The
authors interpreted these results to indicate that there is ongoing increased mobilization of lead
from the maternal skeleton for much longer than predicted, probably associated with remodeling
processes. Also using lead isotopes, Manton et al. (2003) observed that blood lead
concentrations decreased in early pregnancy and rose during late pregnancy. They attributed

these results to changes in bone resorption with decoupling of trabecular and cortical bone sites.

Transplacental Transfer of Lead and Transfer through Breast Milk

Transplacental transfer of lead in humans has been suggested in a number of studies based
on cord blood to maternal blood lead ratios ranging from about 0.6 to 1.0 at the time of delivery.
Maternal-to-fetal transfer of lead appears to be related partly to the mobilization of lead from the
maternal skeleton. Evidence for transfer of maternal bone lead to the fetus has been provided
from stable lead isotope studies in cynomolgus monkeys (Macaca fascicularis). Approximately
7 to 39% of the maternal lead burden that is transferred to the fetus appears to derive from the
maternal skeleton (Franklin et al., 1997; O’Flaherty et al., 1998). Further evidence for maternal-
to-fetal transfer of lead in humans can be gained from stable lead isotope measurements. For
example, a 0.99 correlation in lead isotopic ratios for maternal and cord blood (Manton, 1985;
Gulson et al., 1998b) and the similarity of isotopic ratios in maternal blood and in blood and
urine of newly-born infants provide strong evidence for placental transfer of lead to the fetus
(Gulson et al., 1999b).

Breast milk can also be a pathway of maternal excretion of lead. However, given the very
low lead concentrations and analytical difficulties arising from high fat contents in breast milk,
their analyses require careful attention. Selected studies appear to show a linear relationship
between breast milk and maternal whole blood with the percentage of lead in breast milk

compared with whole blood of <3% in subjects for blood lead concentrations ranging from 2 to
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34 ng/dL. Blood lead concentrations in breastfed newborn infants decreased in spite of the
maternal blood lead concentrations having risen or remained elevated postpartum compared to
lower levels during prepregnancy or in the first trimester (Gulson et al., 1999b). Similar trends
were noted by Manton et al. (2000). However, in a Mexico City study, an association between
patella lead and blood lead concentrations was higher for women with partial lactation than for
those who stopped lactation, and it was increased among women who breastfed exclusively
(Teéllez-Rojo et al., 2002). In another Mexico City study, Ettinger et al. (2004) concluded that an
interquartile increase in patella lead was associated with a 14% increase in breast milk lead,
whereas for tibial lead the increase was ~5%.

In conclusion, there is evidence that maternal-to-fetal transfer of lead occurs, likely
resulting from the mobilization of lead from the maternal skeleton during pregnancy. Breast-fed
infants appear to be at greater risk only if the mother is exposed to high lead concentrations

either from exogenous sources or endogenous sources such as the skeleton.

Mobilization of Lead in Bone During Menopause and in the Elderly

Increases in blood lead for postmenopausal women have been attributed to release of lead
from the skeleton associated with increased bone remodeling during menopause. Many of the
studies have been based on blood lead concentration. Bone lead studies of menopausal and
middle-aged to elderly subjects are summarized in Annex Table AX4-2.8.

Overall, the various studies of bone and blood lead levels, as well as hormone
replacement therapy, have provided conflicting outcomes. Hormone replacement therapy alone
or combined with calcium supplementation prevents bone resorption and increases the bone
mineral density in trabecular and cortical bones of women with or without metabolic bone
disease. The effect of hormone replacement therapy may result in a decrease of lead
mobilization from bone along with a reduction in blood lead concentration levels. Several
studies have found that tibia bone lead levels were higher in women who used hormone
replacement therapy (Popovic et al., 2005; Webber et al., 1995). In contrast, other investigators
have found no association between bone lead and use of estrogens (Berkowitz et al., 2004;
Korrick et al., 2002). In addition, some studies observed a decrease in blood lead concentrations
associated with hormone replacement therapy (Garrido-Latorre et al., 2003), whereas others

observed no association (Webber et al., 1995).
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The endogenous release rate of lead from bone in postmenopausal women was double the
rate in premenopausal former smelter employees (Popovic et al., 2005) and environmentally-
exposed women from Mexico (Garrido-Latorre et al., 2003). In middle-aged to elderly males
from the Normative Aging Study, patella lead accounted for the dominant portion of variance in

blood lead (Hu et al., 1996).

Effect of Nutritional Status on Mobilization of Lead from Bone

Most studies that investigated the effect of nutritional status on the mobilization of lead
from the skeleton have examined the effects of calcium supplementation. Several studies have
suggested that dietary calcium may have a protective role against lead by decreasing absorption
of lead in the gastrointestinal tract and by decreasing the mobilization of lead from bone stores to
blood, especially during periods of high metabolic activity of the bone such as pregnancy,
lactation, and menopause. An inverse association between patella lead and low calcium intake in
postpartum women has been found (Hernandez-Avila et al., 1996). In contrast, Rothenberg et al.
(2000) observed that dietary calcium intake had no effect on calcaneus lead in women monitored
during the third trimester and 1 to 2 months postpartum. Likewise, no effect from calcium
supplementation on bone lead was found amongst lactating women from Mexico City (Té¢llez-
Rojo et al., 2002), although in a follow-up study, Hernandez-Avila et al. (2003) reported a 16.4%
decrease in blood lead concentration among women with the highest patella bone lead levels who
were taking supplements. Gulson et al. (2004) observed that calcium supplementation was found
to delay increased mobilization of lead from bone during pregnancy and halved the flux of lead
release from bone during late pregnancy and postpartum. In another study, women whose daily
calcium intake was 850 mg per day showed lower amounts of bone resorption during late
pregnancy and postpartum than those whose intake was 560 mg calcium per day (Manton et al.,
2003). Téllez-Rojo et al. (2004) observed that plasma lead levels were inversely related to
dietary calcium intake. Results for whole blood lead were similar but less pronounced.

Some researchers have noted concerns regarding potential lead toxicity resulting from
calcium supplementation. However, Gulson et al. (2001) observed that lead in calcium or
vitamin supplements did not appear to increase blood lead concentrations. No information was

available on the effects of other nutritional supplements (e.g., iron or zinc) on lead body burden.
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4.3.2.6 Summary of Bone Lead as a Biomarker of Lead Body Burden and Exposure

Bone accounts for more than 90% of the total body burden of lead in adults and 70% in
children. In addition, the longer half-life of lead in bone, which largely depends on the bone type
but is generally estimated in terms of years compared to days for blood lead, allows a more
cumulative measure of lead dose. The more widespread use of in vivo XRF lead measurements
in bone and indirect measurements of bone processes with stable lead isotopes since the 1986
Lead AQCD have enhanced the use of bone lead as a biomarker of lead body burden.

In addition to considering bone lead as an indicator of cumulative lead exposure, lead in
the skeleton can also be regarded as a source of lead. Key studies have examined the
contribution of bone lead to blood lead; the preferential partitioning of bone lead into plasma;
mobilization of lead from bones during pregnancy, lactation, and menopause; and the role of

nutritional supplementation in bone mobilization.

4.3.3 Lead in Teeth
4.3.3.1 Summary of Key Findings from the 1986 Lead AQCD

The importance of dentine as a potential indicator of lead exposure was noted in the 1986
Lead AQCD. There was more emphasis and optimism on using dentine to assess lead exposure
in this document as the bone XRF method was in its infancy. The issue of deciduous tooth type
was addressed but there was little information on permanent teeth. The portion of the tooth
analyzed (i.e., whole tooth or circumpulpal dentine) was also addressed. In the 1990 Addendum,
the use of tooth lead as an exposure metric was described in a number of the longitudinal and

cross-sectional studies.

4.3.3.2 Analytical Methods for Measuring Lead in Teeth

Analytical methods for tooth analysis vary from the most widely used AAS, to energy-
dispersive XRF, laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), and
high precision lead isotopes.

As a standard analytical method has yet to be established for tooth lead analysis, some of
the discrepancies in findings between studies could arise from several factors, including
differences in tooth type, part of the tooth analyzed, and tooth location. Any real differences

among populations are unlikely to be the result of physiological factors such as blood supply to
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teeth or mineralization rates. As enamel and dentine in different teeth calcify at overlapping but
different times (Orban, 1953), they could retain varying amounts of lead.

In a systematic evaluation of the magnitude of random errors associated with dentine lead
measurements, Fergusson et al. (1989) measured lead concentrations in two samples of dentine
from 996 New Zealand children. They estimated that 15 to 20% of the variance was
unexplained. Tests of differences of means and variances showed no significant differences
between the two samples.

Lead measurements in deciduous teeth in individuals from urban and remote
environments and from polluted environments are presented in Annex Tables AX4-2.9 and
AX4-2.10, respectively. Based on the limited number of studies, it would appear that the range
in whole deciduous tooth lead for environmentally exposed subjects is about 1-10 pg/g, but the
most likely levels are <5 pg/g and probably even <2 ng/g. Studies of whole deciduous teeth
from industrial environments, including those in urban settings, are also commonly much less
than 10 pg/g.

The utility of circumpulpal dentine (Shapiro et al., 1973) as the metric of lead exposure in
deciduous teeth has not been enthusiastically received. This is likely due to the separation
difficulties, as well as the limited amount of circumpulpal dentine that may be present when the
teeth are resorbed, prior to exfoliation.

In another approach to gain more information about exposure during pregnancy and early
childhood, the teeth may be sectioned into dominantly enamel or dominantly dentine. These
samples can then be analyzed for lead isotopic ratios and lead concentrations (Gulson and
Wilson, 1994). Even for children living in lead mining and smelting communities, levels of lead
in the enamel are generally low (<5 nug/g) and are consistent with other studies of whole teeth.
However, higher levels are observed in the dentine samples (e.g., 32 ng/g), which likely reflect
the early childhood exposure. Permanent teeth tend to have up to three times the level of lead

compared with deciduous teeth, but the number of studies is very limited.

4.3.3.3 Tooth Lead as a Biomarker of Lead Body Burden
Compared with the amount of lead in the skeleton, tooth lead is a minor contributor to the
body burden of lead. Most of the tooth lead information is based on analyses of deciduous teeth.

There is still controversy over the amounts of lead in different whole teeth but it appears that the
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highest concentrations are in central incisors, with decreasing amounts in lateral incisors,
canines, first molars, and second molars. Teeth from the upper jaw tend to have higher lead
concentrations than those from the lower jaw.

As teeth accumulate lead, tooth lead levels are generally considered an estimate of
cumulative lead exposure. Rabinowitz et al. (1993) found that tooth lead was a better measure of
exposure than current blood lead levels; however, it was not a good measure of the child’s
cumulative exposure from birth to exfoliation due to the mobilization of lead from dentine.

Teeth are composed of several tissues formed over the years. Therefore, if a child’s lead
exposure during the years of tooth formation varied widely, different amounts of lead would be
deposited at different rates (Rabinowitz et al., 1993). This may allow investigators to elucidate
the history of lead exposure in a child.

Gulson and Wilson (1994) advocated the use of sections of enamel and dentine to obtain
additional information compared with analysis of the whole tooth (e.g., Fosse et al., 1995;
Tvinnereim et al., 1997). For example, deciduous teeth lead in the enamel provides information
about in utero exposure whereas that in dentine from the same tooth provides information about

postnatal exposure until the tooth exfoliates at about 6 to 7 years of age.

4.3.3.4 Relationship between Tooth Lead and Blood Lead

As with bone lead-blood lead relationships, there is interest in understanding more about
potential relationships between tooth lead and blood lead. The tooth lead-blood lead relationship
is more complex than the bone lead-blood lead relationship because of differences in tooth type,
location, and analytical method.

Rabinowitz (1995) used studies which reported values for dentine, whole shed teeth, or
crowns, but discarded those measuring circumpulpal dentine because of the higher values in this
medium. The mean tooth lead levels varied from 2.8 to 12.7 ug/g and blood lead levels from
6.5to 17 pg/dL. In a plot of blood versus tooth lead, Rabinowitz found a good fit (R* = 0.97;

p <0.0001) with the relationship:

Tooth Lead (ug/g) = P x [Blood Lead (ug/dL)], where = 0.49 (SE 0.04) (4-1)

In an earlier Boston study, Rabinowitz et al. (1989) found that the association between

tooth and blood lead increased with age, first achieving statistical significance at 18 months;
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by 57 months, the correlation coefficient was 0.56. A correlation of 0.47 was found between

current blood lead and incisors amongst 302 German children (Ewers et al., 1982).

4.3.3.5 Mobilization of Lead from Teeth

Although mobilization of lead from bone appears well established, this is not the case for
lead in teeth. Conventional wisdom has lead fixed once it enters the tooth. Although that may
be the case for the bulk of enamel, it is not true for the surface of the enamel and dentine.

In evaluating deciduous teeth data, Rabinowitz et al. (1993) suggested that their data were
compatible with a model that allows lead to be slowly removed from dentine. Such a process
may be associated with resorption of the root and dentine that precedes exfoliation, which allows
reequilibration of dentine lead with blood lead.

In children exposed to lead sources from mining, paint, or petrol in communities such as
the Broken Hill lead mining community, Gulson and Wilson (1994) and Gulson (1996) showed
that the source of lead from the incisal (enamel) sections was different from the source of lead in
the cervical (dentine) sections of deciduous teeth, reflecting the change in lead from in utero
exposure to early childhood. Based on changes in the isotopic composition of enamel and
dentine in deciduous teeth sections from the Broken Hill mining community children, Gulson
(1996) estimated that lead is added to dentine at a rate of approximately 2-3% per year.

Stable lead isotopes and lead concentrations were measured in the enamel and dentine of
permanent (n = 37) and deciduous teeth (n = 14) from 47 European immigrants to Australia to
determine whether lead exchange occurs in teeth and how it relates to lead exchange in bone
(Gulson et al., 1997). The authors concluded that enamel exhibited no exchange of its European-
origin lead with lead from the Australian environment, whereas dentine lead exchanged with

Australian lead to the extent of ~1 £+ 0.3% per year.

4.3.3.6 Summary of Tooth Lead as a Biomarker of Lead Body Burden and Exposure
Tooth lead is a minor contributor to the total body burden of lead. Moderate-to-high
correlations have been observed between tooth lead levels and blood lead levels. Differences in
tooth type, part of the tooth analyzed, and tooth location may contribute to some of the
discrepancies in findings between studies of tooth lead. As teeth are composed of several tissues

formed over the years, if a child’s lead exposure during the years of tooth formation varied
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widely, different amounts of lead would be deposited at different rates. Deciduous teeth lead in
the enamel provides information about in utero exposure, whereas that in dentine provides

information about postnatal exposure until the tooth exfoliates.

4.3.4 Lead in Urine
4.3.4.1 Summary of Key Findings from the 1986 Lead AQCD

The 1986 Lead AQCD provided an extensive discussion of the physiological basis for
“chelatable” urinary lead. Also discussed was lead excretion provoked by EDTA, including the
pools of lead in the body that might be mobilized in the EDTA provocation test, and the
relationship between the outcome and blood lead concentration. The 1986 Lead AQCD noted
observations that formed the basis for application of the EDTA provocation test for detecting

elevated lead body burden.

4.3.4.2 Analytical Methods for Measuring Lead in Urine

Standard methods that have been reported for urine lead analysis are summarized in
Annex Table AX4-2.1 and are, in general, the same as those analyses noted for determination of
lead in blood. Reported detection limits are approximately 50 pg/L for AAS, 5-10 pg/L for
ICP AES, and 4 pg/L for ASV for urine lead analyses. Sample preparation usually consists of
wet ashing; however, chelation and solvent extraction has also been reported (National Institute

for Occupational Safety and Health, 1994, 1977a).

4.3.4.3 Levels of Lead in Urine

A summary of selected measurements of urine lead levels in humans can be found in
Annex Table AX4-2.11. Urine lead concentrations in the U.S. general population have been
monitored in NHANES. Data from the most recent survey (NHANES IV, Centers for Disease
Control, 2005) for subjects >6 years of age are shown in Table 4-4. The geometric mean for the
entire sample (n = 2,689) was 0.64 pg/g creatinine (95% CI: 0.60, 0.68). The geometric means
for males (n = 1,334) and females (n = 1,335) were 0.64 pg/g creatinine (95% CI: 0.61, 0.67)
and 0.64 pg/g creatinine (95% CI: 0.59, 0.69), respectively. These values correspond to an

excretion rate of approximately 1-1.3 pg lead/day for an adult, assuming a daily creatinine
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Table 4-4. Urine Lead Concentrations in U.S. by Age, NHANES IV (1999-2002)

Age 6-11 years 12-19 years >20 years

Survey Period 1999-2000 2001-2002 1999-2000 2001-2002 1999-2000 2001-2002
N 340 368 719 762 1406 1559

Urine Lead® 1.17 0.92 0.50 0.40 0.72 0.66
(0.98,1.41) | (0.84,1.00) | (0.46,0.54) | (0.38,0.43) | (0.68,0.76) | (0.62,0.70)

*Urine lead concentrations presented are geometric means (95% CI) of pg-lead/g-creatinine.

excretion rate of approximately 1.5 g/day in adult females, a body weight of 70 kg for males and
58 kg for females, and a lean body mass fraction of 0.88 for males and 0.85 for females (Forbes
and Bruining, 1976; International Commission on Radiological Protection, 1975).

Geometric mean urinary lead excretion rates of 7-10 ug/g creatinine (maximum 43) have
been reported in groups of children living in areas impacted by lead smelting operations
(Brockhaus et al., 1988). Daily urinary lead excretion can exceed 200 pg/day in association with
occupational exposures (Biagini et al., 1977; Cramer et al., 1974; Lilis et al., 1968; Lin et al.,
2001; Wedeen et al., 1975).

4.3.4.4 Urine Lead as a Biomarker of Lead Body Burden

Urine is a major route of excretion of absorbed lead (Chamberlain et al., 1978; Griffin
et al., 1975; Kehoe, 1987; Rabinowitz et al., 1976). The kinetics of urinary excretion following a
single dose of lead is similar to that of blood (Chamberlain et al., 1978), likely due to the fact
that lead in urine derives largely from lead in blood plasma. Evidence for this is the observation
that urinary lead excretion is strongly correlated with the rate of glomerular filtration of lead
(i.e., glomerular filtration rate x plasma lead concentration; Araki et al., 1986). Estimates of
urinary clearance of lead from serum (or plasma) range from 13-22 L/day, with a mean of
18 L/day (Araki et al., 1986; Chamberlain et al., 1978; Manton and Cook, 1984; Manton and
Malloy, 1983). Estimates of blood-to-urine clearance, on the other hand, range from
0.03-0.3 L/day with a mean of 0.12 L/day (Araki et al., 1990; Berger et al., 1990; Chamberlain
et al., 1978; Gulson et al., 2000; Koster et al., 1989; Manton and Malloy, 1983; Rabinowitz et al.,
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1973, 1976; Ryu et al., 1983; see Diamond, 1992 for an analysis of these data), consistent with a
plasma to blood concentration ratio of approximately 0.005-0.01 L/day (U.S. Environmental
Protection Agency, 2003). Based on the above, urinary excretion of lead can be expected to
reflect the concentration of lead in plasma and variables that affect delivery of lead from plasma
to urine (e.g., glomerular filtration and other transfer processes in the kidney).

Plasma lead makes a small contribution (<1%) to the blood lead concentration and a
negligible contribution to total lead body burden. Furthermore, the kinetics of elimination of
lead from plasma is fast, relative to lead in bone, where most of the lead burden resides.
Therefore, the basic concepts described for blood as a biomarker for body burden also apply to
urine. A single urine lead measurement, or a series of measurements taken over short-time span,
is likely a relatively poor index of lead body burden (Figure 4-10). On the other hand, long-term
average measurements of urinary excretion can be expected to be a better index of body burden.
In the hypothetical simulation shown in Figure 4-10, both the long-term average urinary lead
excretion rate and the body burden have approximately doubled.

The above considerations do not exclude the potential utility of urine lead as a dose metric
in epidemiological studies. Some effect outcomes may be more strongly associated with plasma
concentrations of lead (e.g., ferrochelatase inhibition) than lead body burden. Given the
technical difficulties in accurately measuring the concentrations of lead in plasma, especially at
low blood lead concentrations (e.g., <10 ug/dL), measurements of urinary lead may serve as a

more feasible surrogate for measurements of plasma lead concentration.

4.3.4.5 Relationship Between Lead in Blood and Urine
Assuming first-order kinetics, a plasma-to-urine clearance (UCIP) of 13-22 L/day
corresponds to half-time for transfer of lead from plasma to urine of 0.1-0.16 day for a 70 kg

adult who has a plasma volume (VP) of approximately 3 L:

_In2)%,

t,, = 42
1/2 Icr, (4-2)

This translates to a very rapid steady-state, much faster than observed for blood lead after

a change in exposure level. The kinetics of change in urinary lead excretion in response to a
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change in exposure, therefore, will be determined by variables that affect the plasma lead level,
including partitioning of lead into erythrocytes and exchanges with lead in soft tissues and
mobile pools within bone (e.g., bone surface). Here again, the basic concepts that apply to blood
lead as a biomarker of exposure also apply to urine lead. Urinary lead excretion reflects, mainly,
the exposure history of the previous few months; thus, a single urinary lead measurement cannot
distinguish between a long-term low level of exposure or a higher acute exposure. The
relationship between urinary lead concentration and lead uptake is thought to be linear, unlike
that for blood lead concentration, although there are no direct empirical tests of this assumption
in humans. This assumption predicts a linear relationship between lead intake (at constant
absorption fraction) and urinary lead excretion rate. Figure 4-11 presents a simulated
relationship between lead intake and urinary lead excretion in adults and children using both the
Leggett (1993) model and O’Flaherty (1993, 1995) model. The major difference between the
Leggett model and the O’Flaherty model is in the assignment of the time dependence of bone
lead residence. The Leggett model assumes a slow accumulation of a nonexchangable lead pool,
whereas the O’Flaherty model assumes a gradual distancing of lead from bone surfaces by
diffusion throughout the bone volume (O’Flaherty, 1998).

It is important to emphasize that the above concepts apply to urinary lead excretion rate,
not to urinary lead concentration. The concentration of lead in urine (Upy) is a function of the

urinary lead excretion (UEpy,) and the urine flow rate (UFR, L/day):

UE,, =U,, -UFR (4-3)

Urine flow rate can vary by a factor or more than 10, depending on the state of hydration
and other factors that affect glomerular filtration rate and renal tubular reabsorption of the
glomerular filtrate. All of these factors can be affected by lead exposure at levels that produce
nephrotoxicity (i.e., decreased glomerular filtration rate, impaired renal tubular transport
function; see Section 6.4 for discussion of effects of lead on the renal system). Therefore, urine
lead concentration measurements provide little reliable information about exposure (or lead body
burden), unless they can be adjusted to account for unmeasured variability in urine flow rate
(Araki et al., 1990).

A determination of urinary lead excretion rate requires measurement of two variables,

urine lead concentration, and urine flow rate; the later requires collection of a timed urine
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sample, which is often problematic in epidemiologic studies. Collection of un-timed (“spot”)
urine samples, a common alternative to timed samples, requires adjustment of the lead
measurement in urine to account for variation in urine flow (Diamond, 1988). Several
approaches to this adjustment have been explored, including adjusting the measured urine lead
concentration by the urine creatinine concentration, urine osmolality, or specific gravity (Araki
et al., 1990).

The measurement of lead excreted in urine following an injection (intravenous or
intramuscular) of the chelating agent calcium disodium EDTA (EDTA provocation) has been
used to detect elevated body burden of lead in adults (Biagini et al., 1977; Lilis et al., 1968;
Wedeen, 1992; Wedeen et al., 1975) and children (Chisolm et al., 1976; Markowitz and Rosen,
1981). EDTA-provoked urinary lead excretion has been shown to correlate with tibia bone lead
measurements (Wedeen, 1992). Given the difficulties associated with the parenteral
administration of EDTA, XRF measurements of bone lead, offer a more feasible alternative to
the EDTA provocation test for assessment of bone lead stores in epidemiologic studies. More
recently, DMSA (DMSA-provocation) has been used as an orally-effective alternative to EDTA
and has been applied to epidemiologic studies as dose metric for lead body burden (e.g., Lee

etal., 2001; Schwartz et al., 2001, 2000a,b).

4.3.4.6 Summary of Urine Lead as a Biomarker of Lead Body Burden and Exposure

Similar to blood lead concentration measurements, urinary lead excretion measured in an
individual at a single point in time will reflect the recent exposure history of the individual and
physiological variables that determine the plasma lead concentration time profile. As a result,
measurement of urinary lead may serve as a more feasible surrogate for plasma lead
concentration, and may be useful for exploring dose-response relationships for effect outcomes
that may be more strongly associated with plasma lead concentration than lead body burden.
Longitudinal measurements of urinary lead excretion can be expected to provide a more reliable
measure of exposure history of an individual and will more closely parallel body burden than
will single measurements; however, the degree to which this will apply will depend on the
sampling frequency with respect to the exposure temporal pattern.

Although, in general, higher urinary lead excretion can be interpreted as indicating higher

exposures (or lead uptakes), it does not necessarily predict appreciably higher body burdens.
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Similar urinary lead excretion rates in two individuals (or populations) do not necessarily
translate to similar body burdens or similar exposure histories.

Measurement of the urinary lead excretion rate requires either a timed urine sample, or an
approach to adjusting measured urinary lead concentrations for variability in urine flow rate,
which by itself may be affected by lead exposure (i.e., lead-induced nephrotoxicity). Both
approaches, timed urine samples or adjustment of concentration, introduce complications into the
assessment and uncertainties into the interpretation of urinary lead measurements as biomarkers
of lead body burden or exposure. The EDTA-provocation test provides a more reliable indicator
of elevated body burden than do measurements of basal lead excretion; however, it is not feasible
to apply this test for epidemiologic investigations. The DMSA-provocation test may provide a

more feasible alternative.

4.3.5 Lead in Hair
4.3.5.1 Summary of Key Findings from the 1986 Lead AQCD
The 1986 Lead AQCD did not discuss applications of hair lead measurements for

assessing lead body burden or exposure.

4.3.5.2 Analytical Methods for Measuring Lead in Hair

Methods used for hair lead analysis are summarized in Annex Table AX4-2.1. Wilhelm
et al. (1989) reported a detection limit of 0.16 pg/g for GFAAS; use of GFAAS for hair lead
measurements has been reported elsewhere (Annesi-Maesano et al., 2003). Gerhardsson et al.
(1995a) reported a detection limit of 0.5 png/g for XRF of the hair shaft; but Campbell and
Toribara (2001) found XRF to be unreliable for hair root lead determinations. Use of other
methods has been reported, including ICP (Tuthill, 1996), ET/AAS (Drasch et al., 1997), and
AAS (Sharma and Reutergardh, 2000; Esteban et al., 1999).

4.3.5.3 Levels of Lead in Hair

A summary of selected measurements of hair lead levels in humans can be found in
Annex Table AX4-2.12. Reported hair lead levels vary considerably. Esteban et al. (1999)
reported a geometric mean levels of 5.4 ng/g (range 1-39) for a sample of 189 children (aged

1.9 to 10.6 years) residing in Russian towns impacted by smelter and battery plant operations.
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By contrast, Tuthill (1996) reported much higher levels in a sample of Boston, MA children
(aged 6.5 to 7.5 years, n = 277). Approximately 41% had levels that ranged from 1 to 1.9 pg/g.
DiPietro et al. (1989) reported a geometric mean hair lead level of 2.42 ng/g (10-90th percentile
range <1.0-10.8) in a general population sample of U.S. adults (aged 20 to 73 years, n = 270).

In a post-mortem sample of the general population from Germany (aged 16 to 93 years, n = 150),
the median hair lead level was 0.76 ug/g (range 0.026-20.6) (Drasch et al., 1997). Also,
Gerhardsson et al. (1995a) reported median values for postmortem samples of 8.0 ng/g (range
1.5-29,000) in active workers (n = 6), 2.6 png/g (range 0.6-9.3) in retired workers (n = 23), and
2.1 pg/g (range 0.3-96) in a reference group (n = 10).

4.3.5.4 Hair Lead as a Biomarker of Lead Body Burden

Lead is incorporated into human hair and hair roots (Bos et al., 1985; Rabinowitz et al.,
1976) and has been explored as a possibly noninvasive approach for estimating lead body burden
(Gerhardsson et al., 1995a; Wilhelm et al., 1989, 2002). Hair lead measurements are subject to
error from contamination of the surface with environmental lead and contaminants in artificial
hair treatments (i.e., dyeing, bleaching, permanents) and are a relatively poor predictor of blood
lead concentrations, particularly at low levels (<12 ug/dL) (Campbell and Toribara, 2001;
Drasch et al., 1997; Esteban et al., 1999). Studies evaluating quantitative relationships between
hair lead and lead body burden have not been reported. Nevertheless, hair lead levels have been
used as a dose metric in some epidemiologic studies (e.g., Annesi-Maesano et al., 2003; Esteban
et al., 1999; Gerhardsson et al., 1995a; Powell et al., 1995; Sharma and Reutergardh, 2000;
Tuthill, 1996).

4.3.5.5 Hair Lead as a Biomarker of Lead Exposure

Rabinowitz et al. (1976) measured hair lead levels in two adult males who received
a stable lead isotope supplement to their dietary intake for 124—185 days. Approximately 1% of
the daily lead intake was recovered in hair. Temporal relationships between exposure levels and
kinetics and hair lead levels, and kinetics of deposition and retention of lead in hair have not
been evaluated. Higher hair lead levels were observed in lead workers than in reference subjects

with lower blood lead levels (Mortada et al., 2001).
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4.3.5.6 Summary of Hair Lead as a Biomarker of Lead Body Burden and Exposure
Although hair lead measurements have been used in some epidemiologic studies, an
empirical basis for interpreting hair lead measurements in terms of body burden or exposure has
not been firmly established. Hair lead measurements are subject to error from contamination of
the surface with environmental lead and contaminants in artificial hair treatments (i.e., dyeing,
bleaching, permanents) and, as such, are relatively poor predictor of blood lead concentration,

particularly at low levels (<12 pg/dL).

44 MODELING LEAD EXPOSURE AND TISSUE DISTRIBUTION
OF LEAD

4.4.1 Introduction

Models are essential for quantifying human health risks that derive from exposures to
lead. Models come in various forms. Multivariate regression models, commonly used in
epidemiology, provide estimates of the contribution of variance in the internal dose metric to
various determinants or control variables (e.g., surface dust lead concentration, air lead
concentration). Structural equation modeling links several regression models together to
estimate the influence of determinants on the internal dose metric. Regression models can
provide estimates of the rate of change of blood or bone lead concentration in response to an
incremental change in exposure level (i.e., slope factor). A strength of regression models is that
they are empirically verified within the domain of observation and have quantitative estimates of
uncertainty imbedded in the model structure. However, regression models are based on (and
require) paired predictor-outcome data, and, therefore, the resulting predictions are confined to
the domain of observations. Regression models also frequently exclude numerous parameters
that are known to influence human lead exposures (e.g., soil and dust ingestion rates) and the
relationship between human exposure and tissue lead levels, parameters which are expected to
vary spatially and temporally. Thus, extrapolation of regression models to other spatial or
temporal contexts, which is often necessary for regulatory applications of the models, can be
problematic.

An alternative to regression models are mechanistic models, which attempt to specify all

parameters needed to describe the mechanisms (or processes) of transfer of lead from the
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environment to human tissues. Such mechanistic models more complex than regression models;
this added complexity introduces challenges in terms of their mathematical solution and
empirical verification. However, by incorporating parameters that can be expected to vary
spatially or temporally, or across individuals or populations, mechanistic models can be
extrapolated to a wide range of exposure scenarios, including those that may be outside of
domain of paired predictor-outcome data used to develop the model. Exposure-intake models, a
type of mechanistic models, are highly simplified mathematical representations of relationships
between levels of lead in environmental media and human lead intakes (e.g., pg lead ingested per
day). These models include parameters representing processes of lead transfer between
environmental media (e.g., air to surface dust) and to humans, including rates of human contact
with the media and intakes of the media (e.g., g soil ingested per day). Intake-biokinetic models
provide the analogous mathematical representation of relationships between lead intakes and
levels of lead in body tissues (e.g., blood lead concentration); and they include parameters that
represent processes of lead transfer (a) from portals of entry into the body and (b) from blood to
tissues and excreta. Linked together, exposure-intake and intake-biokinetics models (i.e.,
integrated exposure-intake-biokinetics models) provide an approach for predicting blood lead
concentrations (or lead concentrations in other tissues) that corresponds to a specified exposure
(medium, level, and duration). Detailed information on exposure and internal dose can be
obtained from controlled experiments, but almost never from epidemiological observations or
from public health monitoring programs. Exposure intake-biokinetics models can provide these
predictions in the absence of complete information on the exposure history and blood lead
concentrations for an individual (or population) of interest. Therefore, these models are critical
to applying epidemiologically-based information on blood lead-response relationships to the
quantification and characterization of human health risk. They are also critical for assessing the
potential impacts of public health programs directed at mitigation of lead exposure or of
remediation of contaminated sites.

Models (both regression models and mechanistic models) also have several other
important features that are useful for risk assessment and for improving our basic understanding
of lead exposures and biokinetics. They organize complex information on lead exposure and
biokinetics into a form that provides predictions that can be quantitatively compared to

observations. By analyzing the relationships between model assumptions and predictions (i.e.,
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sensitivity analysis), and by comparing predictions to observations (i.e., model evaluation), such
models can contribute to the identification of important gaps in our understanding of lead
exposure, biokinetics, and risk. Thus, these models provide a consistent method for making,
evaluating and improving predictions that support risk assessment and risk management
decisions.

Modeling of human lead exposures and biokinetics has advanced considerably during the
past several decades. Among the most important new advances are development, evaluation, and
extensive application of the Integrated Exposure Uptake Biokinetic IEUBK) Model for Lead in
Children (U.S. Environmental Protection Agency, 1994a) and the development of models that
simulate lead biokinetics in humans from birth through adulthood (Leggett, 1993; O’Flaherty
1993, 1995). While these developments represent important conceptual advances, several
challenges remain for further advancements in modeling and applications to risk assessment.
The greatest challenge derives from the complexity of the models. Human exposure-biokinetics
models include large numbers of parameters, which are required to describe the many processes
that contribute to lead intake, absorption, distribution, and excretion. The large number of
parameters complicates the assessment of confidence in parameter values, many of which cannot
be directly measured. Statistical procedures can be used to evaluate the degree to which model
outputs conform to “real-world” observations and values of influential parameters can be
statistically estimated to achieve good agreement with observations. Still, large uncertainty can
be expected to remain about many, or even most, parameters in complex exposure-biokinetic
models such as those described below. Such uncertainties need to be identified and their impacts
on model predictions quantified (i.e., through use of sensitivity analysis, probabilistic methods).

Given the difficulty in quantitatively assessing uncertainty in values of all of the
individual parameters in an exposure-biokinetics model, assurance that the model accurately
represents the real-world in all aspects is virtually impossible. As consequence of this, Oreskes
(1998) noted, “...the goals of scientists working in a regulatory context should be not validation
but evaluation, and where necessary, modification and even rejection. Evaluation implies an
assessment in which both positive and negative results are possible, and where the grounds on
which a model is declared, good enough are clearly articulated.” In this context, evaluation of
confidence in a given exposure-intake or intake-biokinetics model rests largely on assessment of

the degree to which model predictions, based on model inputs appropriate for a situation,
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conform to observations and/or expectations; and, most importantly, the degree to which this
conformity does or does not satisfy requirements of model application to a specific context.
Because of limitations in observations of predicted outcomes, it may be possible to evaluate
confidence in some uses of a model, but not others. Similarly, it is possible for confidence in a
model to be judged acceptable for a given use, but not for others. The concept of validation of
highly complex mechanistic models, outside of the context of a specific use of the model, has
little meaning.

In the ensuing discussion of specific models, reported efforts to evaluate the models are
noted. In most cases, however, the relevance of these evaluations to the assessment of
confidence in a specific use of that model (e.g., predicting average blood lead concentrations in
children who live in areas that have certain cross-sectionally measured environmental lead
levels) cannot be ascertained from the reported literature. Nevertheless, as a framework for
qualitatively comparing the various evaluative procedures that have been applied, the following
general classification of model evaluations has been adopted:

e Sensitivity analysis has been conducted and most influential parameters identified and
uncertainty characterized.

e Model predictions have been compared qualitatively to observations.

e Predictions have been compared quantitatively to observations (i.e., a statistical model
has been applied for estimation of “goodness of fit” and uncertainty).

e (Confidence in model predictions for specific uses has been quantitatively evaluated.
e Accuracy of model implementation code has been verified.

Descriptions of the individual models are intended to provide only brief snapshots of key
features of each model, with particular attention to conceptual features that are unique to each
model. Key references are cited in which more complete specifications of model parameters can

be found.

4.4.2 Empirical Models of Lead Exposure Blood Lead Relationships
The 1986 Lead AQCD described epidemiological studies that explored models of

relationships between lead exposures and blood lead concentrations in children. A more recent

summary of this literature can be found in Abadin et al. (1997). Key studies reported since the
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completion of the 1986 Lead AQCD are summarized here. Although varying widely in exposure
scenarios, blood lead concentration ranges, and modeling approaches, most studies have found
significant associations between surface dust lead levels (interior and exterior) and blood lead
concentrations. These outcomes support the general concept that contact with lead in surface
dust (e.g., surface dust-to-hand-to-mouth) is a major contributor to lead intake in children.
TerraGraphics (2000) conducted an analysis of data on environmental lead levels and
child blood lead concentrations in children, as part of a 5-year review of the clean-up at the
Bunker Hill Superfund site, a former lead mining and smelting site. The analysis included
~4,000 observations of blood lead concentrations in children between the ages of 9 months and
9 years of age, collected over an 11-year period (1988-1999). The number of children for which
blood lead concentrations were available each year ranged from 230 in 1988 to 445 in 1993;
~54 to 88% of the child population was sampled each year. Blood lead concentrations (annual
geometric mean) ranged from 4.4 to 9.9 ng/dL. Environmental lead levels (e.g., dust, soil, paint
lead levels) data were collected at ~1300 residences. Interior dust lead concentrations (annual
geometric mean) ranged from ~400 to 4200 ppm. Yard soil lead concentration (annual
geometric mean) ranged from ~100 to 2600 ppm. Several multivariate regression models
relating environmental lead levels and blood lead concentration were explored; the model having
the highest R? (0.23) is shown in Table 4-5. The model predicts significant associations between
blood lead concentration, and the (natural log-transformed) community soil lead concentration ([3
= 1.76), neighborhood soil lead concentration (p = 0.73; geometric mean soil lead concentration
for areas within 200 ft of the residence), or interior dust lead concentration (f = 0.84). The
model predicted a 1.2 pg/dL decrease in blood lead concentration in association with a decrease
in community soil lead concentration from 2000 to 1000 ppm. The same decrease in
neighborhood soil lead concentration, or interior dust lead concentration, was predicted to result
ina 0.5 or 0.6 pg/dL decrease in blood lead concentration, respectively. Regression models (R*
=0.86 to 0.94), based on repeated blood lead measurements made on the same children from this
data set, predicted much stronger associations between current blood lead concentration and the
blood lead concentration measured in the previous year ( = 0.62) for the same child; than to the
corresponding community soil lead concentration (3 = 0.095) or interior dust lead concentration
(B=0.1). Structural equation modeling was applied to the larger data set, utilizing the model

structures shown in Figure 4-12. Model 1 included a direct pathway

May 2006 4-68 DRAFT-DO NOT QUOTE OR CITE



O o0 9 N N B~ W N =

e e =
AN »n A W N = O

Table 4-5. General Linear Model Relating Blood Lead Concentration in Children and
Environmental Lead Levels—Bunker Hill Superfund Site

Standardized

Parameter Coefficient P>F Coefficient
Intercept -0.22877 0.7947 0.00000
Age (years) -0.44803 0.0001 -0.25541
In(interior dust lead) (ppm) 0.83723 0.0001 0.15677
In(yard soil lead) (ppm) 0.21461 0.0080 0.06466
In(GM soil lead within 200 ft of 0.73100 0.0001 0.12938
residence) (ppm)

In(GM community soil lead) (ppm) 1.76000 0.0001 0.19709

R*=10.231; p < 0.0001; based on data from Bunker Hill Superfund Site collected over the period 1988-1999
GM, geometric mean; In, natural log

Source: TerraGraphics (2000).

connecting community soil lead to blood lead. Both models yielded similar R* values (0.89) and
predicted a relatively large influence of interior dust lead on blood lead (Tables 4-6 and 4-7).

A subsequent analysis was conducted of paired environmental lead and blood lead
concentrations in children (n = 126, ages 9 months to 9 years), collected during 1996 to 1998 at
various locations in the Coeur d’Alene Basin (outside of the Bunker Hill Site, TerraGraphics,
2001). Blood lead concentrations (annual geometric mean) for the study area was approximately
4 ng/dL. The blood lead concentration range of individuals included in the regression analysis
was ~1 to 23 pg/dL, and yard soil lead concentrations ranged from <100 to 7350 ppm. A model
that included all significant (p < 0.05) variables is presented in Table 4-8. The model predicted a
0.7 pg/dL decrease in blood lead concentration per 1000 ppm decrease in exterior soil lead, and a
0.16 pg/dL decrease in blood lead concentration per 1 mg/cm?/day decrease in entryway dust
lead loading rate. Entryway dust lead loading rate was estimated from measurements of the
amount of lead (and dust) recovered from doormats placed at each residence for and known
duration. Regression models (general linear model) relating entryway mat lead loading rate,
or mat lead concentration, and environmental variables were also developed. The strongest

predictor of both outcome variables (natural log-transformed) was soil lead concentration
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Figure 4-12. Structural equation model for relationships between dust and soil lead and
blood lead concentration in children, based on data collected at the Bunker
Hill Superfund Site (1988-1999). Neighborhood soil lead is represented in
the model as the mean soil lead within 200 feet of the residence, whereas
community soil lead is the mean for the city. The pathway between
community soil lead and blood lead was included in model 1 and excluded
form model 2. Units: blood lead, pg/dL; dust and soil lead (ng/g); age, years.
See Tables 4-6 and 4-7 for estimated regression coefficients.

Source: TerraGraphics et al. (2000).

(natural log-transformed, p: ~0.4; R* = 0.36-0.46). Lanphear et al. (1998) conducted a pooled
analysis of data on environmental lead levels and blood lead concentrations in children
(n=1861) collected as part of 12 epidemiologic studies (conducted over a 15-year period, from
1982 to 1997). Seven of the studies were of communities near lead mining and/or smelting sites
(Bingham Creek, UT; Butte, MT; Leadville, CO; Magna, UT; Midvale, UT; Palmerton, PA;
Sandy, UT); and 5 studies were of urban communities (2 in Boston, MA; 2 in Cincinnati, OH;
Rochester, NY). The mean age of children included in the analysis was 16 months; the inter[’|
study range was 6 to 24 months. The geometric mean blood lead concentration for the subjects
in the pooled analysis was 5.1 pg/dL; 95% were within the range 1.2 to 26 pg/dL and 19% were
10 pg/dL. The geometric mean interior dust lead loading was 13.5 pg/ft* (95% range: 1 to
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Table 4-6. Structural Equation Model (1) Relating Blood Lead Concentration in
Children and Environmental Lead Levels—Bunker Hill Superfund Site

Standardized Contribution
Parameter Coefficient P>F Coefficient (%)*

Model for In(blood lead) (ug/dL): R> = 0.892

Error 1.000 —{ 0.329 !
Intercept -0.519 0.05 -0.171 —0
Age (years) -0.065 0.05 -0.210 —l
In(interior dust lead) (ppm) 0.159 0.05 0.597 42
In(yard soil lead) (ppm) 0.051 0.05 0.171 12
In(AM soil lead within 200 ft of 0.067 0.05 0.267 19
residence) (ppm)

In(AM community soil lead) (ppm) 0.095 0.05 0.389 27

Model for In(Interior dust lead) (ppm): R* = 0.986

Error 1.000 —{ 0.117 !
Intercept 3.237 0.05 0.487 —0
In(yard soil lead) (ppm) 0.129 0.05 0.114 22
In(AM soil lead within 200 ft of 0.133 0.05 0.141 28
residence) (ppm)

In(AM community soil lead) (ppm) 0.235 0.05 0.256 50

Based on data from the Bunker Hill Superfund Site collected over the period 1988 to 1999.

Largest standardized residual, 0.183; Chi-Square, 21.309; P, 0.0001; Comparative fit index, 0.9993;
Normed fit index, 0.9993; Non-normed fit index, 0.9863.

GM, geometric mean; In, natural log

"Based on sum of standardized coefficients for dust and soil lead parameters.

Source: TerraGraphics (2000).

4500 pg/ft*) and geometric mean exterior soil or surface dust lead level was 508 ppm (95%
range: 8 to 10,200 ppm). A regression model was developed relating natural log-transformed
blood lead concentration to log-transformed environmental lead variables, and categorical
demographic or behavioral variables (Table 4-9). The R” for the final model was 0.53
(uncorrected for measurement error). Measurement error was included in the model as variance
estimates for each environmental lead variable as follows (log-transformed values): dust lead

loading, 1.00; exterior lead concentration, 1.00; water lead concentration, 0.75; maximum XRF,
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Table 4-7. Structural Equation Model (2) Relating Blood Lead Concentration in
Children and Environmental Lead Levels—Bunker Hill Superfund Site

Standardized Contribution
Parameter Coefficient P>F Coefficient (%)*

Model for In(blood lead) (ug/dL): R> = 0.892

Error 1.000 C 0.329 C
Intercept -0.206 0.05 -0.116 C
Age (years) -0.064 0.05 -0.208 C
In(interior dust lead) (ppm) 0.165 0.05 0.619 53
In(yard soil lead) (ppm) 0.051 0.05 0.171 14
In(AM soil lead within 200 ft of 0.115 0.05 0.456 37

residence) (ppm)

Model for In(interior dust lead) (ppm): R’ = 0.986

Error 1.000 — 0.117 —
Intercept 3.237 0.05 0.487 —
In(yard soil lead) (ppm) 0.129 0.05 0.114 22
In(AM soil lead within 200 ft of 0.133 0.05 0.141 28
residence) (ppm)

In(AM community soil lead) (ppm) 0.235 0.05 0.256 50

Based on data from the Bunker Hill Superfund Site collected over the period 1988 to 1999.

Largest standardized residual, 0.183; Chi-Square, 21.309; P, 0.0001; Comparative fit index, 0.9993;
Normed fit index, 0.9993; Non-normed fit index, 0.9863.

AM, arithmetic mean; In, natural log.

"Based on sum of standardized coefficients for dust and soil lead parameters.

Source: TerraGraphics (2000).

0.75. Of the model variables listed above, significant variables (p < 0.05, after correction for
measurement error) were as follows: interior dust lead loading (p = 0.183, p <0.0001), exterior
soil/dust lead (p = 0.02116, p = 0.00025), age (p = 0.02126, p = 0.0044), mouthing behavior
(B=-0.0323, p=0.0004), and race (f = 0.123, p=0.0079). Significant interactions in the
model included: age and dust lead loading, mouthing behavior and exterior soil/dust level, and
SES and water lead level. Predicted relationships between interior dust lead loading or exterior
lead concentrations and blood lead concentration are shown in Tables 4-10 and 4-11. The model

predicted a geometric mean blood lead concentration of 4.0 pg/dL (4% probability of
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Table 4-8. General Linear Model Relating Blood Lead Concentration in Children and
Environmental Lead Levels—Coeur d’Alene Basin

Standardized
Parameter Coefficient P>F Coefficient
Intercept 2.8644 0.0032 0.00000
Age (years) -0.3351 0.0007 -0.2056
Soil lead (ppm) 0.0007 0.0012 0.2249
Entryway (mat) lead loading rate 0.1638 0.0006 0.3212
(mg/cm*/day)
Median exterior paint lead (mg/cm®) 0.5176 0.0005 0.2742
Minimum interior paint condition 1.9230 0.0008 0.2313

(categorical: 1-3)

N: 126 (ages 9 mo to 9 years), R*=0.597, p < 0.0001; based on data from the Coeur d’Alene Basin collected
over the period 1996 to 1999.

Source: TerraGraphics (2001).

exceeding 10 pg/dL) assuming the study median environmental lead levels to be as follows: dust
lead, 5.0 pg/ft’; soil lead, 72 ppm; maximum interior paint lead, 1.6 mg/cm?; water lead, 1 ppb.
Succop et al. (1998) conducted a meta-analysis of relationships between environmental
lead levels and blood lead concentrations in children (n = 1855, age <72 months) based on data
collected in 11 epidemiologic studies (conducted over a 13-year period, 1981 to 1994). All but
2 of the studies (Cincinnati prospective study, 1981 to 1985; Cincinnati soil lead study, 1989 to
1991) were of communities near lead mining and/or smelting sites (Bingham Creek, UT; Butte,
MT; Leadville, CO; Magna, UT; Midvale, UT; Palmerton, PA; Sandy, UT; Telluride, CO; Trail,
B.C.). The inter-study age range was 15 to 39 months, and inter-study range of the geometric
mean blood lead concentration was 2.6 to 12.9 pg/dL; 7.5% of children were >10 pg/dL. The
inter-study geometric mean ranges were: interior dust lead loading, 31 to 976 pg/m?; interior
dust lead concentration, 110 to 1548 ppm; handwipe lead, 2 to 9 ng; exterior entry dust lead
concentration, 72 to 1830 ppm. Structural equation modeling was applied to the data from each
study. The same generic model was applied initially to each dataset, followed by backward
elimination of pathways and co-variables until a model for each study evolved in which all
predictors and co-variables were significant (p < 0.05). The generic model is shown in

Figure 4-13 along with the percent of studies in which a given pathway was found to be
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Table 4-9. Multivariate Regression Model Relating Blood Lead Concentration in
Children and Environmental Lead Levels — Multi-Study Pooled Analysis

Parameter Level Estimate P-value
Intercept 1.496
Dust lead loading (ug/ft) 0.183 <0.0001
Water lead (ppb) 0.01398 0.2067
Soil or exterior dust lead (ppm) 0.02116 0.0025
Soil or exterior exposure dust lead * type of
sample 0.005787 0.9247
Soil or exterior exposure dust lead*type of
sample*location 0.4802 0.0409
Type of exterior exposure sample -0.1336 0.2805
Soil or exterior exposure dust location 0.5858 0.0455
Paint lead content (mg/cm?) —0.02199 0.3402
CLN(MAX XRF) * paint condition 0.03811 0.3888
Paint condition —0.0808 0.1685
Age 0.02126 <0.0001
Age?2 —0.001399 0.0044
Age3 0.00007854 0.0022
Study Boston -0.3932 <0.0001a
Butte —0.01167
Bingham Creek 0.2027
Cincinnati Program 0.2392
Cincinnati Soil 0.5383
Leadville 0.05717
Magna 0.1761
Rochester
Longitudinal —0.04209
Rochester LID Study 0.07257
Sandy -0.3712
Midvale 0.1777
Palmerton 0
Race Other 0.123 0.0079a
White 0
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Table 4-9. (cont’d). Multivariate Regression Model Relating Blood Lead Concentration
in Children and Environmental Lead Levels — Multi-study Pooled Analysis

Parameter Level Estimate P-value
Socioeconomic status (SES) 1 0.3175 0.1081a
2 0.2138
3 0.1799
4 0.1691
5 0
Mouthing behavior Often —0.03233 0.0004a
Rarely —0.2454
Sometimes -0.1397
Unknown 0
Dust lead loading * Age 0.002649 0.1860
Dust lead loading * Age 2 —0.0003381 0.0573
Dust lead loading * Age 3 —0.00001281 0.6185
Exterior lead exposure * mouthing behavior Often 0.2212 0.0419a
Rarely 0.07892
Sometimes 0.1663
Unknown 0
Water lead levels (ppb) * SES 1 0.5305 0.0998a
2 —-0.0136
3 0.1033
4 —0.09098
5 0
Age * race Other 0.01192 0.0129a
White 0
Age * SES 1 —-0.01023 0.0061a
2 0.003849
3 0.00008468
4 —0.01679
5 0
Standard deviation of the prediction error 0.5425

Interactions are indicated by asterisks. Blood lead concentration (pug/dL) and all environmental lead variables
were natural log-transformed. R? for blood lead concentration was 0.53 (uncorrected for measurement error).

*Overall factor significance.

Source: Lanphear et al. (1998).
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Table 4-10. Children’s Predicted Blood Lead Levels for Floor Dust Lead Loading
(ug/ft2) and Exterior Lead Exposures (ppm)*

Geometric mean blood lead levels (ug/dL) with 90% Confidence Intervals® in parentheses

Dust lead Exterior lead exposure (ppm)
loading
(ng/ft) 10 72° 100 500 1000 1500 2000 4000
2.3 2.8 29 3.5 3.8 4.0 4.1 44
1 0.9,5.7) (1.1,7.0) (1.2,7.3) (1.4,8.7) (1.5,9.4) (1.6,9.8) (1.6,10.1) (1.8,11.0)
32 4.0 4.1 4.9 53 5.5 5.7 6.1
5 (1.3, 8.0) (1.6,9.8) (1.7, 10.1) (2.0, 12.0) (2.1,13.00  (2.2,13.6) (2.3,14.0) (2.5,15.2)
3.7 4.6 4.7 5.6 6.1 6.3 6.5 7.1
10 (1.5,9.2) (1.8,11.3) (1.9,11.7) (2.3,13.9) (2.5,15.0) (2.6,157) (27,16.2) (2.9,17.5)
4.0 5.0 5.1 6.1 6.6 6.9 7.1 7.7
15 (1.6, 10.0) (2.0, 12.3) (2.1, 12.7) (2.5, 15.1) (2.7,163) (2.8,17.0) (2.9,17.6) (3.1,19.0)
42 53 5.4 6.5 7.0 7.3 7.6 8.1
20 (1.7, 10.6) (2.1, 13.0) (2.2, 13.5) (2.6, 16.0) (2.8,17.3)  (3.0,18.0) (3.1,18.6) (3.3,20.1)
44 5.5 5.7 6.8 7.3 7.7 7.9 8.5
25 (1.8, 11.2) (2.2, 13.6) (2.3, 14.1) (2.8, 16.8) (3.0,18.1) (3.1,18.9) (3.2,19.5) (3.5,21.1)
4.9 6.1 6.3 7.5 8.1 8.4 8.7 9.4
40 (1.9, 12.3) (24, 15.0) (2.5, 15.6) (3.0, 18.5) (3.3,19.9)  (3.4,20.8) (3.5,21.5) (3.8,23.2)
52 6.5 6.7 8.0 8.6 9.0 9.3 10.0
55 (2.1,13.2) (2.6, 16.1) (2.7, 16.6) (3.2,19.7) (3.5,21.3)  (3.7,222) (3.8,22.9) (4.1,24.8)
5.5 6.8 7.0 8.4 9.1 9.5 9.8 10.5
70 (2.2, 13.8) (2.7, 16.9) (2.8,17.5) (3.4,20.7) (3.7,223) (3.8,23.4) (4.0,24.1) (4.3,26.0)
59 7.3 7.6 9.0 9.7 10.2 10.5 11.3
100 (2.3,14.9) (2.9, 18.2) (3.1,18.9) (3.7,22.3) (3.9,24.1) (4.1,25.2) (4.3,26.0) (4.6,28.0)

!Confidence interval is estimated to cover 90% of the observed blood lead levels with 5% above and 5% below the interval.
°Estimated median levels based on U.S. Housing and Urban Development national survey, 1989-1990

Source: Lanphear et al. (1998).

significant. The most common exposure pathway influencing blood lead concentration (i.e.,
significant in models of most studies) was exterior soil, operating through its effect on interior
dust lead and hand lead. Paint lead was also a significant influential variable on the soil and
interior dust-to-blood pathway in ~40% of the studies. Significant co-variables varied across
studies and included: child age, mouthing frequency, time spent outdoors, SES, house age and
condition, home renovation, parental occupation, bare soil in yard, and presence of pets.

The relative strength of the influence of various environmental sources of lead in the structural

equation model, on blood lead concentration, was evaluated by applying a simple linear
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Table 4-11. Likelihood of a Child’s Blood Lead >10 ug/dL for Floor Dust Lead Loadings
and Exterior Exposure Levels (ppm)*

Probability of blood lead greater than 10 pg/dL

Dust lead Exterior lead exposure (ppm)
loading
(ug/ftz) 10 72" 100 500 1000 1500 2000 4000
4.4% 4.9% 6.5%
0.33% 1.0% 1.2% 2.7% 3.7% (1.6, (1.8, (2.3,
1 (0.05, 2.24) (0.3, 3.8) (0.3,4.2) (0.9,7.4) (1.3,9.7) 11.5) 12.8) 16.9)
1.8% 4.4% 5.0% 9.3% 12% 14% 15% 18%
5 0.4,7.9) (1.7, 11.0) (2.0, 11.8) 4.7, 17.6) (6,21) (7,24) (8, 26) 9,32)
3.3% 7.4% 8.3% 14% 18% 20% 22% 26%
10 (0.8, 12.6) (3.1, 16.5) (3.8,17.5) (8,24) (10, 29) (12, 32) (13, 35) (15,41)
4.5% 9.8% 11% 18% 22% 25% 27% 31%
15 (1.2, 16.2) (4.3,20.7) (5,22) (11,29) (14, 34) (15, 37) (16, 40) (19, 47)
5.7% 12% 13% 21% 26% 28% 30% 35%
20 (1.5,19.2) (5,24) (6, 25) (13,33) (16, 38) (18,41) (19, 44) (22,51)
6.7% 14% 15% 24% 28% 31% 33% 38%
25 (1.8,21.8) (6,27) (7, 28) (15, 36) (18, 41) (20, 45) (22,47) (25, 54)
9.4% 18% 20% 30% 35% 38% 40% 45%
40 (2.7,27.8) 9, 33) (10, 35) (19, 43) (23, 48) (25,52) (27, 54) (31, 61)
12% 21% 23% 34% 39% 42% 45% 50%
55 (3, 32) (10, 38) (12, 40) (22, 48) (27,53) (29, 57) (31,59) (35, 65)
13% 24% 26% 37% 43% 46% 48% 54%
70 (4, 36) (12, 42) (14, 44) (24, 52) (29, 57) (32, 60) (34, 63) (38, 69)
17% 28% 31% 43% 48% 51% 54% 59%
100 (5,41 (14, 48) (16, 49) (28, 58) (34, 63) (37, 66) (39, 68) (43,73)

2All other variables held at their national median.
PEstimated median levels based on U.S. Housing and Urban Development national survey, 1989 to 1990.

Source: Lanphear et al. (1998).

regression model to the geometric mean values for environmental variables (natural log !
transformed) and blood lead concentrations (natural log-transformed), from the individual
studies (Table 4-12). The strongest relationships were obtained for interior dust lead loading
([p = 0.474, R* 0.96] and handwipe lead [P = 1.184, R* = 0.90]). The models predicted a

8.6 ng/dL decline in blood lead concentration (from ~15 pg/dL) for a 1000 pg/cm’ reduction in
interior dust lead loading (from 1100 pg/cm?®), and a 14.4 pg/dL decline in blood lead

concentration (from 10 pg) for a 10 pg reduction in handwipe lead.
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Figure 4-13.

Structural equation model for relationships between dust and soil lead
and blood lead concentration in children. Numbers are the percentage of
11 studies included meta-analysis for which the pathway was significant
(p =0.05). Units: blood lead, ng/dL; dust and soil lead, ng/g; handwipe
lead (ng); pant lead, mg/cm2

Source: Succop et al. (1998).

Lanphear and Roghmann (1997) collected data on blood lead concentrations in

205 children residing in Rochester, NY (1991-1992) paired with their residential environmental
lead levels. The mean age of the children was 20 months (range: 12 to 30 months). Mean blood
lead concentration was 7.7 pg/dL (SD: 5.1); 23% of children had a blood lead concentration
>10 ug/dL. Geometric mean interior dust lead loading was 106 pg/ft* (+SD: 10, 1167) and soil

O 0 9 N W B W N

—_— = e
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lead level was 981 ppm (+SD: 225, 4267). Data on the following variables were used for

structural equations modeling: serum ferritin (ng/dL), blood lead concentration (pg/dL),

hand lead (pg), interior dust lead loading (ug/ft®), paint lead loading (XRF, mg/cm?), water lead

(ppb),soil lead (ppm), race, parent marital status, household income, maternal cleaning

behaviors, and child exposure behaviors (e.g., time spent outside, mouthing, dirt ingestion).

A structural equation model, shown in Figure 4-14, yielded an R? of 0.41 for blood lead

concentration. The exposure pathway most influential on blood lead was interior dust lead

loading, directly or through its influence on hand lead. Both soil and paint lead influenced
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Table 4-12. Meta-Analysis of the Relationship Between Log-Transformed Blood Lead and
Various Environmental Lead Sources”

Predicted

Slope Squared No. of Decline in
Independent variable Units Intercept Estimate  Correlation Studies Blood Lead"
In(handwipe lead) ug 0.009 1.184 0.90 6 14.4
In(interior dust lead loading) ng/m’ —0.479 0.444 0.55 10 9.1
In(interior dust lead loading)® png/m’ —0.782 0.474 0.96 8 8.6
In(interior dust lead
concentration) ppm —1.502 0.529 0.58 10 6.5
In(exterior entry dust lead
concentration) ppm —-1.101 0.435 0.72 10 4.5
In(perimeter soil lead
concentration) ppm —-0.015 0.233 0.65 6 2.2
In(maximum interior paint
lead loading) mg/cm? 1.562 0.232 0.07 8 2.1
In(maximum exterior paint
lead loading) mg/cm’ 1.502 0.152 0.07 9 1.3

*These are simple relationships unadjusted for covariates.

®Predicted decline in blood lead for a reduction in hand lead of 101 pg; dust lead loading of 1100 to 100 pg/m?;
dust lead or soil lead concentration of 1100~100 ppm; or paint lead loading of 3.0-0.5 mg/cm” as calculated from
the fitted linear regression equation: In(blood lead) = intercept + slope x In(environmental lead).

“Excluding the Trail and Cincinnati soil project studies, which appear to be outliers. The exposure in these two
studies appears to be primarily from exterior dust lead.

Source: Succop et al. (1998).

interior dust lead; with the influence of paint lead greater than that of soil lead. Other influential
variables were Black race (direct), family income (direct), and outside play (indirect) through
dirt ingestion behavior. Simple correlation analysis also revealed relatively strong (significant,
p <0.5) associations between dust lead loading (r = 0.41), soil lead concentration (0.31) and
Black race (r = 0.44).

Bornschein et al. (1985) applied structural equation modeling to paired environmental
lead and blood lead data collected on a subset of children (n = 45) from the Cincinnati
Prospective Study (1981-1985). The age range of children included in the study was 9 to

24 months. Group statistics for the blood lead concentrations of children included in the analysis
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Figure 4-14. Structural equation model for relationships between dust and soil lead
and blood lead concentration in children, based on data collected in the
Rochester (NY) Lead in Dust Study. Numbers are model coefficients.
Units: blood lead, pg/dL; dust lead ug/ftZ; soil lead, pg/g; handwipe lead
(ng); pant lead, mg/cm’, plays outside, categorical: 0-1; eats soil, categorical:
0-1. R? values: blood lead, 0.41; hand lead, 0.14; dust lead, 0.25.

Source: Lanphear and Roghmann (1997).

were not reported in Bornschein et al. (1985); however, a subsequent analysis of data from the
study reported a geometric mean of 12.9 pg/dL (n = 149; Succop et al. 1998). Similarly, dust
and soil lead levels were not reported in Bornschein et al. (1985a), but were reported in Succop
et al. (1998) for a larger study group (n = 149) as follows (geometric means): interior dust lead
loading, 976 pg/m?; interior dust lead concentration, 1548 ppm; handwipe lead, 7 pg; and
exterior entry dust lead concentration, 1830 ppm. A structural equation model (Bornschein et al.,
1985a), shown in Figure 4-15, yielded R values that ranged from 0.44 to 0.59 across age groups
from 9 (R*= 0.59) to 24 months (R*= 0.44). The exposure pathway most influential on blood
lead was interior dust lead concentration, directly or through its influence on hand lead (exterior

soil lead concentration and internal paint lead was excluded from the model, as was race). Blood
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